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Configuration Optimization of Supercavitating
Underwater Vehicles with Maneuvering

Constraints

Abstract

The paper presents configuration optimization studies @ersavitating underwater vehicles. These innovative
vehicles operate at extremely high speeds due to the dragtied achieved through the supercavitating regime. Their
dynamic behavior is complex and highly nonlinear which nsatteeir guidance and control particularly challenging.
The extreme performance of the vehicles, and the complefittheir dynamic behavior drives the need for an
integrated design tool that incorporates operationalirements as part of the design process.

This study is a first attempt at optimizing the configuratidnsapercavitating vehicles, in terms of overall
dimensions, mass distributions and control surfaces wiziée accounting for specific requirements related to ojiena
at trim and during maneuvers. The optimization problem isnfdated by considering range in straight level flight as
the objective to be maximized, and by introducing condiion trim operation and unsteady maneuvers as constraints.
The maneuver requirements are defined by the solution of &malpcontrol problem, which, for a given vehicle
configuration, yields optimal control inputs and corregfing vehicle state time histories.

Results are presented to demonstrate the feasibility ofptbeess and to investigate the effect of operational
constraints on the final optimal vehicle configuration. Tmespnted methodology considers a limited spectrum of
operating conditions, but it is formulated in a way that aBoits extension to include a number of such operational
constraints, as required by specific mission requirements.

Index Terms

Marine vehicles, design methodology, optimization methagptimal control.

I. INTRODUCTION

Underwater vehicles are limited in their maximum attaieagpeed by the substantial drag that they produce. A
new generation of weapons and vessels are being desigrtadthtihe concept of supercavitation to attain extremely
high underwater speeds. In the supercavitating regimehybdeodynamic drag is reduced compared to the classical
“wetted” body case by traveling inside a self-generatedbbeilof water vapor. This technology offers potential
important advances in underwater vehicle engineering[f]],At the same time, these new vehicle concepts pose
significant technical challenges in the areas of propuldigdrodynamics, acoustics, structural design and vehicle
guidance, as well as navigation and control. Recent bas&areh in the area of supercavitation has lead to important
advances in the comprehension, modeling and simulatiogydrodynamics [1], [3], structural behavior [4], [5], and
guidance and control [3], [6], [7] of supercavitating vdb& The existing literature also identifies outstandisgés

associated with the complexity of the cavity/vehicle sgstéhe inherent instability of the vehicle, the unsteady
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nature of the cavity, the complex and non-linear nature ef ititeractional forces between vehicle and cavity,
the dynamic nature of the cavity itself, the presence of hiblfations induced by after-body planing, surfing and
tail-slapping, etc. The complexity of the problem is furttiecreased by the need of supercavitating vehicles to
be designed to maneuver aggressively and to be highly agilerder to be able to deliver high performance

while operating at the boundaries of the flight envelope. ©héhe major issues towards the development of a
controllable, maneuvering supercavitating vehicle ieisded with the fact that major questions still need to be
resolved regarding the basic configuration of the vehidelfit including its control surfaces, the control system,
and the dynamic behavior of the cavity. The selection of alemrehicle dimensions, the determination of mass
distributions, and the sizing of the control surfaces needéd guided by design tools that are able to optimize
the vehicle configuration subjected to realistic designstraints, which integrate conditions related to the vehicl

operation.

This paper represents a first step towards the developmentiafegrated design tool for supercavitating vehicles.
The vehicle configuration, as defined by a set of parametdisinatg overall dimensions, and size and location of
the control surfaces, as well as its nominal speed in straigth level flight, is optimized to maximize a performance
index, the range in level flight in this case. The formulatadrthe optimization problem includes a set of design
constraints, which define bounds imposed on the designblasaas well as a number of requirements related
to the vehicle operation. Specifically, constraints areasgul to satisfy conditions on trimmed level and turning
flight, as well as on maneuvering flight conditions. For eaehie#e configuration corresponding to an iteration of
the optimization problem, the maneuvering flight condisi@re computed by solving constrained optimal control
problems, which yield both the control inputs and the asgedi vehicle state time histories which minimize
a user-assigned cost function while satisfying a numbersefr-specified operational constraints. Both trim and
maneuvering flight conditions, which are found on the bakith® same high-fidelity flight mechanics model of the
vehicle, implicitly enforce compatibility of the considat set of operating conditions with the complex dynamic
behavior of the vehicle/cavity system. Through this appho@ne derives a (range, in this case) optimal vehicle
configuration, which can be trimmed in level and turning fligitnd which is also able to maneuver at the boundaries
of its flight envelope according to assigned criteria. To knwwwledge, this is the first time that a maneuver optimal
control approach is integrated in a vehicle configuratimpimization to explicitly account for extreme unsteady
flight conditions in the vehicle design.

The paper is organized in six sections including this initbn. Sections Il and Il are devoted to summaries of
the tools used as engines of the optimization procedureatticplar, Section Il summarizes the formulation of the
flight mechanics model, which is employed both for the trinalgsis and for the implementation of the trajectory
optimization routine. Section Il describes the trajegtoptimization approach as an optimal control problem and
its numerical implementation. It is important to observatt®ections Il and Ill only provide brief descriptions,
while detailed treatment of both flight mechanics and ttajgcoptimization formulation can be found in [8] and
references therein. Section IV describes the formulatibthe optimization problem, with detailed descriptions

of objective function, design variables and constraintasu®s of various optimization studies are presented in
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Fig. 1. Configuration of supercavitating vehicle and applierces.

Section V, while Section VI summarizes the main findings & thork and provides recommendations for future

investigations.

Il. FLIGHT MECHANICS MODEL
A. Equations of Motion

A 6 Degree Of Freedom (DOF) rigid body model describes theatyin behavior of the vehicle. A schematic
of the vehicle configuration and of the applied forces is shdw Fig. 1. The body is acted upon by a system
of forces corresponding to the interaction of the vehiclatau surfaces with the cavity boundaries. The control
surfaces include the fins at the back of the vehicle and thiatar;, whose primary function is the generation of
the supercavity. The control surfaces provide lift, anawalifor roll, pitch and yaw control. Finally, the vehicle
motion is sustained by a propulsion force directed alongveifdcle axis.

The equations of motion, conveniently formulated in a bfidgd reference fram# = (b, bs, b3) (see Fig. 2),

are expressed as:
B+wBxi®—sB=o, (1a)
hB + 08 x 1B+ wB x hE —mB =0, (1b)
withl = mvp+S£w denoting the linear momentum, while the angular momentugiven byhp = Spvp+Jpw.
Letting py be the vehicle densityp = fv pvdV is the mass of the vehicl&p = fv pvr<dV is the first moment
of inertia, Jp = — fv pvrxrxdV is the inertia dyadicyp andw denote the linear velocity of poin? and the

angular velocity of the body, respectively, whideandm p are the resultants of the applied forces and moments.

Here and in the following, the notatign)* denotes components in the geneAdriad. If R is the rotation tensor



IEEE JOURNAL OF OCEANIC ENGINEERING 4

Fig. 2. Body-fixed and inertial frames.

that brings triact into triad 3, then the components of a generic veaidn the two triads are related a$ = RaP.

Finally, the symbol(-) = d- /dt indicates differentiation with respect to time.

B. Applied Forces and Moments

The forcess acting on the vehicle can be written as

nr

s:sT—l-sN—i-ZsFi—l-s]—l-sG, (2)
i=1

where sy = drb; is the propulsive thrustsy is the hydrodynamic force at the vehicle nose generated &y th
cavitator,s g, are the hydrodynamic forces generated bysthefins, s; are the contact forces due to the interaction
of the vehicle with the cavity, and finally; = —mgis is the gravitational force. Similarly, the momentsp can

be written as
ng nrg

mp =7pr X ST +TpN X SN + g TpF;, X Sp;, +Tpr X 8] +Tpg X 8Sg + E mp, +mj, 3
i=1 i=1

wherer 45 indicates a distance vector from poiAtto point B, T' is the point of application of the thrusly is
the cavitator locationF; is the aerodynamic center of thith fin, I is the tail-cavity contact point an@' is the
center of gravity. The hydrodynamic forces at the nose antheafins depend on the motion of the vehicle, and
upon shape, size and orientation of the cavity with respetié vehicle.

The fins are controlled to provide lift in the after-body $etand to maneuver the vehicle. Each fin interacts
with the surrounding fluid with forces that depend on the imsioen depth in the fluid, the velocity at the fin

location with respect to the fluid, the fin geometry and theleo attack. Theth fin force and moment in a local
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fin-fixed reference systert; (i = 1,..,4), with origin on F;, can be expressed as:

| T
5;—‘; = ipwU%iSEn(Cw(’yFwdFi)aCy(VFmdFi)vcz(VFmdFi)) ) (48.)
| T
mf{ = §pwvg"i Sgn (Cmm (')/F7 ) dFi )7 Cmy (’}/F7 ) dFi )7 sz (')/F7 ) dFi )) ) (4b)

where vg, is the magnitude of the velocity vector at the fin frame oridin Ss, is the fin span length and
Cy, Cy, C, Crz, Cry, Cy, are coefficients found in [7], as obtained from detailed laggnamic simulations.
The hydrodynamic force acting on a circular cavitator carekgressed in a reference frafig, with origin at

the cavitator centelV:
N . . T
sy = (—LNsmaN—DNcosaN,O,LNcosaN—DNsmaN) , (5)

where Ly and Dy are respectively the lift and drag components of the hydnadyic force, computed as [9]

1

Ly = 5 pwUJQVANCd(U7 0) sin ay cos an, (6a)
1

Dy = 5 pwUJQVANCd(U7 0) cos? QN (6b)

where Ay is the cavitator area;y denotes the magnitude of the cavitator velogity,is the density of the fluid,

anday is the angle of attack. Also in (6),4(o,0) is the cavitator drag coefficient at zero angle of attackcihi

is given by:
Cd(U,O) = Cdo(l—i-a). (7)
The cavitation numbes is defined as:
o= Mv Poc = pwgh + Patm, (8)
2PwVN

wherep,, andp. are the ambient fluid pressure and cavity vapor presgyré, and p.;,, are respectively the
gravity acceleration, the underwater depth, and the athegppressure on the water surface. The drag coefficient
at zero angle of attack and cavitation numb&y,, is chosen to be 0.815 according to the empirical formutatio
presented in [10].

Finally, during operation, the vehicle may be in contactwtite internal surface of the cavity. The corresponding
planing interaction is described through a model describdd1]. The model considers a planing slender body in
steady forward motion on an undisturbed free surface urideassumptions of small ratio of immersion depth to
body radius and large Froude numbers. Assuming a small avettetion of a cylindrical afterbody planing on a

cylindrical free surface, the planing normal and drag feraad corresponding moments can be expressed as [7],
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[11] (see Fig. 3):

. r+h A2
sf = —mpuriV?sina, cosap<r+ 2}:9) (1 - (m) ) ng, (9a)
2
B _ 2772 .02 r+h h
my = Tp,T. V" cos aP(r—l—Qifp) (A—l—php) na, (9b)

1
sff = —ipwV2 cos? apClap (47‘ 1 +u?) tan™ ! (u) — uc)

A
oty (
r’ ((ug —5) s () + gua /T )) n, (8c)

+ - @
2A tan(ayp)
1 A [h
B ‘ _
my; = ipwv2 cos? a,Cyp <8h_p tan~! ( Kp) (r? 4+ 2rA + 2A%)
8 A, 2 A
(2A +7)\/Ah, — 8 h—(r + 2A%) — 16r\/Ah— lp na, (9d)
P P

where A = r. — r is the difference between the cavity raditsand body radius:, with u. = /h,/A and
us = (2/r)\/Ah,. The drag coefficienCy, for a fully turbulent flow as assumed in [11] is calculatedCag =
0.031/(Re)'/7 [12], whereRe is the Reynolds number based on the wetted longitudinaltergccordingly, the

_|_

Wl

cavity vehicle interaction forces; in (2) is given bys; = s, + s,#, wWhile the corresponding moments can be

added to the moment equation (3).

C. Cavity Model

The behavior of the cavity affects the forces at the nose efvithicle, the immersion of the fins in the fluid,
and the contact forces between vehicle and cavity bounifédimle supercavitation may in general be accurately
estimated by approaches based on slender-body theorydaguelement methods, and sophisticated computational
methods, the following simplified models are however comsd to be efficient and accurate enough to reproduce
the overall dynamic behavior of a supercavitating vehiderequired by the optimization studies performed in
this work. The description of the shape of the cavity is baseda model formulated according to Logvinovich
independence principle [13]. The model assumes that, imalisence of viscous effects, each cavity section expands
independently of adjacent sections, as a result of balaetveden fluid inertia and pressure difference between the

cavity and the ambient liquid. The cavity radibdsand radial expansion rate are defined as:

2 + 2/kK
rc_rmax\/1—(1—;;° >‘1—t —| (10a)
2 1 02 t t 2(1_'%)/“
ST S PR WO - , (10b)
Te Kimax Tﬁlax tmax tmax

wherer, is the initial cavity radiusy,.x = rv+/Ca(c,0)/o, is the maximum cavity radius, with,. denoting
the cavitator diameter, ang,., is the time required for the cavity to achieve its maximumiwadAlso, in (10)
x = 0.85 is a correction factor based on a selected valyg = 0.82, while the initial cavity radius is empirically

set asr, = 1.92d./2 according to [13].
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Fig. 3. Configuration of planing vehicle and wetted crosdisec

IIl. TRAJECTORYOPTIMIZATION TECHNIQUE

The trajectory optimization code computes maneuvers fpeaavitating vehicles based on a set of requirements.
Computing a maneuver means determining the time histofiéseocontrol inputs and the associated time histories
of the vehicle states. Any computed maneuver must alwaysfysat certain number of requirements. Maneuvers
must be first compatible with the vehicle dynamics, i.e. tlmeyst satisfy the equations of motion within the
admissible limits imposed by the vehicle flight envelope #relnecessarily limited control authority of the vehicle
actuators. Moreover, maneuvers should minimize some cwostibn, such as the time necessary to accomplish a
given goal, or maximize the final vehicle velocity, or yet egthe control effort necessary to steer the vehicle.
In fact, optimality provides a way to select one meaning@llgon among the typically infinite possible different

ways of achieving a same goal. Finally, maneuvers musthgatigerational constraints imposed by the vehicle user.

A. The Maneuver Optimal Control Problem

All the above mentioned requirements can be met by expgesioh maneuver as the solution of an appropriate
Maneuver Optimal Control Problem (MOCP) [8], [14]. The pleh time domain is here noted = (0, T), with
boundant” = {0, 7T}, where the final tim&" is possibly unknown. The dynamic equations of a rigid sugatating
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vehicle (see (1)) are for convenience rewritten in compagnhfas
f(y,y,u) =0, (11)

The optimal control policyugp(t) and associated vehicle state time histonjgg(t) define an optimal maneuver

and minimize the cost function
J“w=ﬂuwwu+/me¢mt (12)
Q

As previously stated, the optimal solution must satisfymbleicle equations of motion (11), which can therefore be
interpreted as constraints of the optimization problerms®@ints on the states and the controls further charaeteri
and define the maneuver, for example by providing initial &ndl conditions, or by providing operational and
flight envelope limits. For generality, all these conditocan be expressed as inequality constraints in the form
Z € [Tmin, Tmax), 1€ Tmin < & < Tmax. EqQuality constraints are enforced by simply selecting, = max. The
initial and terminal state conditions can be written as:

¢(y(0)) € [wOmin7¢0n1ax]7 (133)
¢(y(T)) € [meinv’lmeax]v (13b)

while non-linear constraints on states and controls canxpeessed in general as:
g(ya u, t) S [gmin7 gmax]; (14)

similarly, constraints at a (possibly unknown) interna¢®et/7; are:

9y, u,Ti) € [gr, 97, ]; (15)
integral conditions on states and controls can be given as:
Ahmwwwemmmmg (16)
and finally upper and lower bounds are:
Y € [Ymin, Ymax], (17a)
U € [Umin, Ymax]- (17b)

According to optimal control theory, an optimal solution tttis problem is determined by first defining an
augmented performance index, obtained by adjoining theesygoverning equations (11) and constraints (13a—16)
to the performance index (12) through the use of Lagrangdipfiats (co-states). Next, the stationarity of the
augmented index is imposed, resulting in the definition oftao$ differential equations in the states, co-states and

controls, together with a set of associated boundary ciongif14].
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B. Numerical Solution

This approach is however not always necessary nor convehiefact, one can avoid the derivation of the optimal
control equations altogether [15] by discretizing the sgsequations (11) on a grifj, of the computational domain
through some numerical discretization method. This definsst of unknown parameters, which are represented by
the discrete values of the states and controls on the cotignahgrid. At this point, the problem cost function (12)
and the boundary conditions and constraints (13a—16) greessed in terms of the discrete parameterd his

process defines a finite-dimensional Non-Linear Programri{L.P) problem which can be written as
min J;"P(x), (18a)

Sl emOP(z) <0 (18b)

3

where J,"°" is the discrete counterpart of the caBt°? in (12), while c™°° are the optimization constraints,
which include the discretized system dynamic equatiores,dikcretized constraints and the boundary conditions.
Here again, necessary conditions for a constrained optimgnobtained, similarly to the case of optimal control,
by combining the objective/,"*“? with the constraints through the use of Lagrange multipliand imposing the
stationarity of the augmented cost function. The resultarge but sparse problem can be solved efficiently by
sequential quadratic programming (SQP) methods [16] arimt point (IP) methods [17].

The discretized time grid i8 =ty <t; < ... < t,_1 < t, = T, composed of, intervalsT* = [t;, ;1] of
sizeh’, i =0,...,n— 1. SinceT is in general unknown, time is mapped onto a fixed domain petam = ¢/,
s € [0, 1]. This yields the generic time step length/éds= T'(s;+1 — s;), i = 0,...,n — 1, which is now expressed
in terms of the step length in thespace and of the unknown maneuver duration. The discresizgtgém dynamics

equations can be written on the generic intefalusing the mid-point rule as

f(y”lhi_yi,yiJrZy”l,ui):0, i=1,...n—1, (19)

wherey;, y; .1 are the values of the states at timgst; | 1, respectively, ands’ is the constant value of the controls
within T?. Note that, coherently with their algebraic nature, costese treated as internal unknowns, which reflects
the fact that no boundary conditions can be associated hétbet variables. Given the discretization of the equations

expressed by (19), the NLP variablesare defined as
z=(yli=0,...n),u (i=0,...,n-1),T), (20)

i.e. they include the state values at the grid vertices, tmgrol values on each grid element and, possibly, the final
time. The cost function and all problem constraints and bsuimcluding (19), are expressed in terms of the NLP

variablesz to yield the finite dimensional optimization problem (18).

IV. FORMULATION OF THE CONFIGURATION OPTIMIZATION PROBLEM

The vehicle configuration is optimized by solving a Designti@zation Problem (DOP), where a design-

relevant cost function is minimized by finding optimal vaduef configurational design variables. Mathematically,



IEEE JOURNAL OF OCEANIC ENGINEERING 10

[Hi Xe.m.

-
E‘:
M
| N
| @
o
S

LCUII(}

Xfin

chh

Fig. 4. Vehicle configuration.

this optimization problem is formulated as follows:

min JP(d), (21a)
st ¢iP(d) <0, (21b)

where J4°P is the design-relevant cost function addare the design parameters. The problem is subjected to a

set of equality and inequality constraints (21b), with
P (d) = (e (d), e (d)), (22)

where c°P°* and ¢ respectively denote operational and configurational caims. Both cost function and
constraints depend on a number of assigned operating emmglitas described in greater detail below, which
include both trimmed and maneuvering flight.

The following sections are devoted to the detailed desonpf design variables and objective function, and of

the formulation of design and operational constraints.

A. Design Variables and Objective Function

The vehicle configuration used for the present study reflpodgected designs for supercavitating torpedoes,
according to the vehicle schematic shown in Fig. 4. The dptititon process considers as a starting point a

nominal vehicle whose dimensions are listed in Table I. Thetar of design variables is defined as:
d= (dc; Lﬁn; Tfin, vah; chh7 Lconc; Laftv V)T (23)

Notice that the design vector includes, a part from physioafigurational parameters of the vehicle, also the flight

speedV at trimmed level flight, which is also assumed unknown.
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TABLE |

NOMINAL VEHICLE DIMENSIONS.

Description notation  value  unit
Vehicle mass m 150 kg
Cavitator diameter de 0.08 m
Vehicle length Lyen 4 m
Cone length Lcone 1.2 m
Aftertube length Lagt 0.08 m
Vehicle radius Ryen 0.1 m
Nose radius Ruose 0.02 m
Aftertube radius Rt 0.05 m
Fin span length Lgn 0.2 m
Fin width Cfin 0.1 m
Fin root location Tfin 3.87 m
Vehicle mass center locatiof zc.m. 2.31 m

The travelling range during trimmed flight is the objectivstion to be maximized. The range can be found
in several ways according to the considered flight conditidn this study, the Breguet range equation, which is
based on flight at constant velocity and lift-to-drag ratoused [18], [19]. If the vehicle is operating in steady
level flight, then the lift-to-drag ratio i, /Fp = W/ér from force balance considerations. Assuming constant

velocity V, the range can be simply expressed as:
ty
D= Vdt =V (ty —t;), (24)
t;
where subscripts and f respectively denote the initial and final time, avids the trimmed velocity of the vehicle.
The total flight time {; —¢;) can be expressed in terms of the vehicle weight at the litid final stage$?; and

W, specific impulsel,,, and lift-to-drag ratioF';, / Fp as:

I w;
ty—ti = Isp T In (Wf) . (25)
Equation (25) is readily obtained by integrating the foliogyrelation:
. %%
W=, 26
(F/Fp)lsp (20)

which is found through the rate of change of the vehicle welgh= —mypg, the momentum equation of the thrust
force o = m,Veq, and the expression for the specific impulsg = V., /g, where it is assumed that the equivalent
exhaust velocityl,, remains constant over time. The equivalent exhaust vgld¢if accounts for the pressure
difference in the engine as well as the exit velocity of thie[#9], [21]. The specific impulsd,, measures the

efficiency of a propulsion system, and it is defined as thd iotpulse exerted by the propellant divided by the
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total weight of expelled propellant during engine opera{i20], [21]. Equations (24) and (25) lead to the following

expression for range:

Fr, W;

For simplicity, it is assumed that the mass of propellantstae weight of the warhead (payload) are proportional
to the total vehicle mass. Accordingly, the range in (27) nsabjective function which combines a number of

configuration and performance related parameters thraugffiollowing expression:

D= a2, (28)
o7
where
1
ao = ILspgIn (m) ; (29)

and where thrusér, vehicle massn, and propellent-to-vehicle weight ratig,,, indicate the values at the initial
time. The constant, is an engine-specific, structure and material-relatedevakhich is not considered to vary
in terms of the set of design variables. Also, the range dagsntlude the distances traveled before attaining
trimmed velocity and after burnout. In summary, maximizthg range corresponds to minimizing the thrust force
while maximizing speed and warhead weight. In the optindraproblem described by (21), the objective function

is thereforeJ4°P = —D(d) as defined by (28).

B. Operational Constraints

The operational constraints express conditions imposettionmed flight and during maneuvers, and can be

written as:
oper trim,level” trim,turn? man” T
e (d) = (MM (d), T (d), ™ () (30)
1) Trim Congtraints: The constraints related to operation at trim are:
Ctrim,level(d) _ 07 (313)
ctrim,turn(d) _ 07 (31b)

which respectively define level flight and turning trim cai@hs. The generic trim constraint can be more precisely

expressed as:
B

wB xIB—s
v8 x 1B+ wB x hE —m?B
Ctrim(d) — ,UB _ RgHI,UZ , (32)

B B T
w” - Ry ;w

v - b2
where the first two sets of equations corresponds to Euleat@ms at trim,»? andw? in the third and fourth
equation are the vehicle desired linear and angular vglooinponents in the inertial frame, and the last expression

enforces the condition of null sideslip. The desired vdjoand angular velocity inertial components define the
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assigned trim conditions. For example, the velocities asigaed as” = (V,0,0)” andw? = (0,0,0)7 for level
trimmed flight, whilev? = (V,0,0)7 andw? = (0,0,)” define level turning flight conditions. Therefore, the two
trim constraints define the straight and level flight comditat speed’, which we recall is among the unknown
design parameters, and a trimmed turn at the same speed antirating rate2 corresponding to the maximum
allowable load factor.

2) Maneuvering Constraints. Minimum Time Optimal Maneuver: The third constraint in (30) is here chosen as
M = TMOP(d) — Tinax < 0. (33)

This inequality expresses an upper bound condition on time thecessary to accomplish a given maneuver,
specifically, a40 deg heading change. This choice is somewhat arbitrary, am@ mxtensive investigations of
relevant flight conditions as well as maneuvers should biopaed to obtain perhaps more meaningful constraints.
However, this is a first attempt at introducing a maneuvedaogdition as part of the optimization process, and
therefore a simple, somewhat relevant maneuver was coadidn future developments strategic considerations
may need to be enforced, or a detailed analysis of the flightlepe and operating conditions for this class of
vehicles may need to be carried out. It is however expectatidiich considerations could be implemented in a
similar way as part of the configurational optimization.

In (33), T™°<P denotes the maneuvering time corresponding to the optieadihg change maneuver obtained
solving the optimal control problem. This quantity cleadgpends on the vehicle configuratidn including the
initial and final trim states corresponding to level flightwetlocity V. Hence the maneuver begins and ends at
trimmed states with a vehicle velocify coincident to the one considered as an input to the leveltfligm
constraint, and we recall once again thatis part of the vector of unknown design variables. The maaeuv
constraint imposes fdf" to be smaller than a predefined valiig... As one might expect, reducing the value of

Tmax Makes the constraint more stringent, which therefore pdalgsger role on the final configurational solution.

C. Design and Cavity Related Constraints
Finally, the set of design problem constraints includesdteditions:
c(d) <0, (34)

which define minimum and maximum values for the design véemband constraints imposed by the cavity
dimensions for assigned state of motion.

For assigned geometry and dimensions of the vehicle, thitycawnstraints strongly depend upon cavitation
number ¢), operating conditionsy, w), and vehicle attitude as defined by a set of rotation parammpt The

constraints for level flight can be expressed as:
cconf,lcvcl — Cconf"lCVCl(G(V, h), 'U(V), p(o))’ (35)
whered is the pitch angle in level flight. For turning flight, the ctnaénts can be expressed as:

ceontiiumn — geonftum (50 R, w(V),w(), p(é, 0)), (36)
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where ¢ is the roll angle. The cavitation number determines thetgadimensions, which are directly related to
the speed of the vehicl& and to the underwater depth(equation (8)).

Explicit expressions of the constraints are:

Cionf = Ryen — TC|§1 <0, (373)
C(Q:onf _ _dFi, <0, (37b)
C(g:onf _ —hp|§1 < 07 (37C)

where¢; is a non-dimensional coordinate defining the location ofafterbody with respect to the nose. The first
constraint indicates that the cavity radius must exceed¢hécle radius at the afterbody to avoid partial cavitation
The second constraint enforces the requirement that finstyz¢a the cavity boundary. The third condition imposes
that the immersion depth is positive in the case of planirgy (vhen the afterbody is in contact with the cavity)
and negative otherwise. In the case of planing, an additicmadition imposes that the immersion depth is small

enough for the planing forces to be approximated by (9). Bdditional constraint can be approximated as:

5™ = hyle, — 0.3Ryen < 0. (38)

V. OPTIMIZATION RESULTS
A. Optimization in the Absence of Operational Constraints

An initial optimization study is performed by neglectingethonstraints related to turning trim and maneuvering
conditions. The optimization problem therefore reducethéocase of maximizing the range in straight level flight.
The objective of this preliminary investigation is twofoldirst, this simplified optimization problem can be used
as a test of the optimization procedures and their impleatiem. Second, it allows exploring the design space and
the corresponding variation of the selected objective tion¢ to estimate its complexity and highlight potential
convergence issues during the optimization process.

A preliminary evaluation of the complexity of the design epacan be obtained by computing the objective
function in terms of a reduced set of design variables. Eidurshows for example the range, normalized with
respect to the one of the nominal vehicle, computed on a aeguid in terms of cavitator diametéy. and vehicle
velocity V. In the figure, the maximum value for the range can be cledeytified for the proper combination of
the diameterd, and speed’/. The solution space appears regular, characterized byhtbenee of local maxima
and minima, and is bounded by cavity related constraintchvimnpose the absence of partial cavitation and fin
immersion.

1) Preliminary Optimization with a Reduced Set of Design Variables. Based on the results presented in the
previous section, a preliminary optimization is carried fw the reduced set of design variablésandd,.. Results
are presented in Tables Il and Ill, which respectively ligtimal design variables, corresponding trim controls, and
performance of the optimal configuration in comparison witat of the nominal vehicle design. As expected, the

corresponding optimal values coincide with the maximungeashown in Fig. 5.
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TABLE Il

REDUCED OPTIMAL DESIGN CONFIGURATION

Dimension value lower bound  upper bound  unit
de 0.0404 0.02 0.10 m
\% 172.1 76 200 m/s
controls value unit
or 25.8036e+3 N
N -2.1179 degree
OF, 0.0765 degree
O, -0.0765 degree
OF, 0 degree
TABLE Il

PERFORMANCE OF REDUCED OPTIMAL VEHICLE

Nominal Optimal unit (%]
D 638.7 999.9 m +56.5 %
\%4 78 172.0734 m/s  +120.6 %

6r 18.3176e+3  25.8036e+3 N +40.9 %

m 150 149.9452 kg -0.04 %

2) Optimization with a Full Set of Design Variables. Results from the optimization with the full set of design

variables are presented in Tables IV and V. Table IV shows{tenal values for the design variables in comparison
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TABLE IV
OPTIMAL DESIGN CONFIGURATION.

Dimension value lower bound upper bound unit
de 0.0400 0.04 0.11 m
Ly 0.1500 0.15 0.25 m
Tfin 2.2975 Lecone Lecone + Liuselage m
Ryen 0.0957 0.05 0.15 m
Lyen 4.0823 35 45 m
Leone 0.4082 0.1Lep, 0.9 Lyen m
Lot 0.0798 0.01Lyen 0.1 Lyep m
m 160.0000 140 160 kg
\% 112.4102 76 120 m/s
controls value unit
o 11.4524e+3 N
oN -4.5000 degree
OF, 0.2473 degree
O, -0.2473 degree
OF, 0 degree

with lower and upper bounds considered in the optimizatida.explicitly notice that the results of the optimization
not only include configurational design parameters, bub a@perating conditions of the vehicle, in this case
identifying the optimal nominal velocity of forward motiolr. In addition, it can be observed how the mass
coincides with the imposed upper bound, which may indichte nieed for additional investigations where such
bound is relaxed.

Table V summarizes the performance of the optimized vehidle respect to the nominal vehicle described in
section IV-A. The optimization produces a remarkable invproent in performance, which translates intd4al %
increase in velocity, 87.5% reduction in thrust and a combin&d5.9% increase in range. The comparison between
optimal and nominal vehicle configurations is shown in FigTBe optimally designed vehicle is approximately of
the same length of the nominal one, it has a larger volume,naost noticeably, has the set of four fins located
at approximately the mid length of the vehicle. This is ptapadriven by imposing requirements exclusively on
range in straight level flight, and the related need to redireg. The introduction of stability measures as part
of the optimization process may significantly modify thistio@l configuration. The analysis of stability of the
vehicle is not addressed in the current work, as it desemestensive and dedicated study due to the complexity

introduced by the interaction between vehicle and cavity.
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TABLE V
PERFORMANCE OF OPTIMAL VEHICLE

Nominal Optimal unit (%]
638.7 1570.5 m +145.9 %
78 112.4102 m/s  +44.1 %

6r 18.3176e+3  11.4524e+3 N -37.5 %

m 150 160.0 kg  +6.7 %

0.5

EO : ———_—'> N

-0.5
-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5

[m]

Fig. 6. Comparison between optimal (thick line) and nomipiain line) configurations in the absence of operationalst@ints.

B. Optimization with Operational Constraints

1) Exploration of the Design Space: The optimization results presented in the previous sestghow that the
range as an objective function is characterized by a redngdhavior. This leads to an optimization problem which
is easy to solve and does not typically suffer from the presesf local minima. The introduction of turning
trim flight as a constraint does not introduce significant plaxity, while the addition of the maneuvering flight
condition through (33) complicates the problem. In facts ttonstraint is characterized by a complex nonlinear
behavior which severely affects the design space. FiguteoWs for example the variation of the minimum flight
time for the heading-change maneuver in term¥ cdnd cavitator diametef.. Depending on the time bourid, ..
selected in (22), the maneuvering constraint may produagnaconvex and/or discontinuous design space. This is
illustrated in Fig. 8, which shows the outlines of the felsithesign spaces corresponding to different maneuvering
time bounds, and depicts with a dot the optimal solution efdhconstrained optimization over this smaller range.
Selectingl.x = 4.9 sec for example generates a single non-convex feasiblerreghile imposing a smaller time
such asTy,.x = 4.5 sec produces three disconnected feasible regions. Itesesting to note, that this optimal
value falls outside of the feasible space when a stricteuirement is imposed on the maneuvering time. The
multi-modal, non-convex structure of the design space ezhlxy the constraints makes the optimization problem
difficult in terms of global minimum evaluation and compidagl efficiency.

2) A Smple Optimization Strategy: The complexity of the design space resulting from the apfibn of the

constraints is here handled through the application of glsimptimization strategy. The approach used here is
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based on the assumption that the problem under consideifa@ures a smooth objective function, and complex
constraints. The process consists in several stages.

At the first stage, the minimum of the regular objective fimeis found through an unconstrained optimization,
in order to avoid the solution being trapped in local feasit#gions. The main idea is illustrated in Fig. 9. For
example, if one considers the requirement of minimum maeeng time asl ., = 4.5 sec, the initial guess may
cause the solution to be trapped in a local feasible pocketefl left corner of the figure), which is far from the
optimum value corresponding to the unconstrained case.

At the second stage, constraints are evaluated at the ¢twpémal value estimate to verify whether they are

violated or not. If the optimal value estimate lies in a fessiregion, then the process is considered complete. In
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Fig. 9. lllustration of the simple optimization strategyoptkd for the solution of the constrained problem.

contrast, if constraints are violated, a feasible designtge searched in a region neighboring the optimal value

estimate, defined by a predetermined radius (red circlearfigure). The radius restricts the design space around
the unconstrained global optimum. Once a feasible poinbisd through a random search, the design space is
centered at this feasible point and the constrained opditioiz is performed in this restricted space (green circle

in the figure), whose radial distance from the found feasilasign point will be the same as the previous reduced
region.

The radius of the reduced search space is selected on tiseobasme knowledge of the design space. For example
the constraints can be evaluated along the optimizatidm gamerated during the unconstrained optimization. This
information can be used to evaluate the number of transitioetween feasible and infeasible regions, and the
percentage of feasible points out of the entire number ofgdegoints evaluated along the path line. This data
can guide the selection of the search radius. As a resu#t,ntld@thod looks for the optimum value in a feasible
region close to the unconstrained optimum value. In adulitibis expected that the solution can be found with a
significantly lower number of constraints evaluations.

This simple approach works well in practice when the optatian problem has the following characteristics:
1) the objective function is well-behaved and continuousrdte entire design space; 2) the objective function is
computationally inexpensive; 3) the constraints produc@mconvex and discontinuous feasible design space; 4)
the evaluation of the constraints is computationally espen A more robust and efficient method may consider
a more sophisticated procedure to guide the reduction ofddmgn space and the random search, for which
probabilistic and statistic information regarding theigasspace may be used. Tests of the developed approach on
sample examples are found in [22].

3) Preliminary Optimization with a Reduced Set of Design Variables: A preliminary optimization with a reduced

number of design variabled’/(andd.) is carried out as in Section V-Al. The influence of variousstaints on
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TABLE VI
REDUCED OPTIMAL DESIGN CONFIGURATION WITH RELAXED CONSTRANTS.

Dimension nominal optimal lower bound  upper bound  unit
de 0.08 0.0404 0.02 0.10 m
\%4 78 172.0734 76 200 m/s
Constraints
Load factor n 11
Maneuvering time Trmax 40 sec
TABLE VI

PERFORMANCE OF REDUCED OPTIMAL VEHICLE WITH RELAXED CONSTRINTS.

Nominal Optimal unit (%]
D 638.7 999.9 m + 56.5 %
T 4.9927 5.5508 sec +11.2%
78 172.0734 m/s  +120.6 %

67 18.3176e+3  25.8036e+3 N +40.9 %

m 150 149.9452 kg -0.04 %

maximum range is investigated by conducting several asalysth increasing requirements on turning load factor
n, and on the maneuvering time boufii .

As a first case, the optimization is carried out with all coaistts being relaxed, i.e. with sufficiently low load
factor and largely,.x. Results are presented in Tables VI and VII. As one might expthe solution yields
results which coincide with those obtained in Section V-Agg Table Il and Ill). Figure 10 shows the evolution
of objective function, constraints, and design variablasimd) the optimization process. Figure 10(b) shows the
operational constraints, i.e. the squared norm of the wassdof the trim equations and the bound on the optimal
maneuver timel'/Ty,.x — 1. Also, in case of violation of one of the constraints, themalized values is set to
1. The plot in Fig. 10 clearly shows how during the optimizatiall of the constraints remain inactive, expect
for one instance at iteration 5. The corresponding configamaat this iteration however is such that the vehicle
cannot support trim in level flight, which automatically neakboth the solution for turning trim and the maneuver
problem infeasible. The variation of the design variablesrdy the optimization is shown in Fig. 10 (c), where the
values are normalized with respect to their nominal valdgs= 85 m/s, andd., = 0.08 m. The convergence to
the optimal solution is achieved after approximately 2@aitens.

A second optimization is performed with stricter constision load factor and minimum maneuvering time. The

value of Ty, is set equal tdh.5 sec on the basis of the results of the previous optimizatidnich found that
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TABLE VI
REDUCED OPTIMAL DESIGN CONFIGURATION WITH ACTIVE CONSTRAIN'S.

Dimension nominal optimal lower bound  upper bound  unit
de 0.08 0.0432 0.02 0.10 m
\%4 78 175.8683 76 200 m/s
Constraints
Load factor n 2
Maneuvering time Trmax 5.5 sec
TABLE IX

PERFORMANCE OF REDUCED OPTIMAL VEHICLE WITH ACTIVE CONSTRANTS.

Nominal Optimal unit (%]
D 638.7 994.2 m + 55.7%
T 4.9927 5.4764 sec + 9.7%
78 175.8683 m/s + 125.5%

6r 18.3176e+3  26.5258e+3 N +44.8 %

m 150 149.9479 kg - 0.03%

the optimal vehicle performed the specified heading changeenwer in5.55 sec (see Table VII). Results of the

optimization, bounds and constraint values are listed bler@lll, while Table IX compares the performance of the

optimal vehicle with that of the nominal one. The variati@isobjective, constraints and design variables during
this optimization are presented in Fig. 11, which clearlgvgt how the constraint on the maneuvering time affects
the optimization by becoming active at several instancé® fesulting optimal parameters are slightly different
with respect to the unconstrained one, and so is the perfarenaf the corresponding vehicle, which shows a
minor reduction in the optimal range. This simple case tithtes how the constraint on the maneuvering time
may introduce conflicting requirements on the vehicle camiion with respect to those dictated by the objective
function, and the need to obtain a final compromise. The mit@nges in performance and optimal parameters
are related to the fact that the minimum maneuvering timehissen very close to the one resulting from the

unconstrained optimization.

C. Optimization with a Full Set of Design Variables

The final set of optimization studies considers the full detesign variables. As in the previous case, the effect of
increasingly strict constraints is estimated through tiaton of various problems. The first optimization consile
the relaxed constraints listed in Table X, which also preséme optimal vehicle and the bounds assigned to the

design variables. The performance of the optimal vehickeilemarized in Table XI. As expected, the solution of the
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TABLE X
OPTIMAL DESIGN CONFIGURATION WITH RELAXED CONSTRAINTS

Dimension value lower bound upper bound unit

de 0.0400 0.04 0.11 m
Ly 0.1500 0.15 0.25 m
Zfin 2.2975 Lecone Lecone + Liuselage m
Ryen 0.0957 0.05 0.15 m
Lyen 4.0823 35 45 m
Leone 0.4082 0.1Lop, 0.9 Lyen m
Lot 0.0798 0.01Lyen 0.1 Lyep m

\% 112.4102 76 120 m/s

m 160.0 140 160 kg

Constraints
Load factor n 11
Maneuver time Tmax 40 sec
TABLE XI

PERFORMANCE OF OPTIMAL VEHICLE WITH RELAXED CONSTRAINTS

Nominal Optimal unit (%]
D 638.7 1570.5 m + 145.9%
T 4.9927 3.8070 sec -237%
78 112.4102 m/s + 44.1%

6r 18.3176e+3  11.4524e+3 N -375%

m 150 160.0 kg +6.7%

optimization with highly relaxed constraints coincideghwihe one obtained in Section V-A2 (see Table IV and V).
It is interesting to note that, in addition to the same imgmoent in velocity, thrust and range, the optimal vehicle
also produces a3.7% reduction in maneuvering time. The mass of the obtainedclehbbincides with the imposed
upper bound, while the size of control surfaces (fins andtator) coincides with the imposed lower bounds, which
indicates that larger design intervals may need to be cersild The low occurrence of constraint violations during
the optimization iterations, and therefore their relativactivity throughout the process, is demonstrated by the p
in Fig. 12(a).

The results with stricter constraints are presented inégaKll and XIlIl. The history of the normalized constraints
presented in Fig. 12(b) shows their increased activity,feaglient violations in particular in the beginning stagés o

the optimization process. The performance summary confinatsthe reduction in allowable maneuvering time and
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TABLE Xl
OPTIMAL DESIGN CONFIGURATION WITH ACTIVE CONSTRAINTS

Dimension value lower bound upper bound unit

de 0.0412 0.04 0.11 m
Ly 0.1508 0.15 0.25 m
Tfin 2.4486 Lcone Lecone + Ltuselage m
Ryen 0.0943 0.05 0.15 m
Lyen 4.1244 35 45 m
Leone 0.4370 0.1Lop, 0.9 Lyen m
Lot 0.1013 0.01Lyen 0.1 Lyep m

\% 112.7372 76 120 m/s

m 155.8 140 160 kg

Constraints
Load factor n 2
Maneuver time Tmax 4.5 sec
TABLE XIII

PERFORMANCE OF OPTIMAL VEHICLE WITH ACTIVE CONSTRAINTS

Nominal Optimal unit (%]
D 638.7 1512.2 m + 136.8 %
T 4.9927 4.3612 sec -12.6 %
78 112.7372 m/s + 445 %
6r 18.3176e+3  11.6169e+3 N -37.9%
m 150 155.8 kg +39%

the increase in load factor correspond to a reduction in gitenal range, which demonstrates that a compromise
must be reached in the presence of additional requirem&hts.optimized configurations for loose and strict
constraints, displayed schematically in Fig. 13, showtraly small differences in configuration. Again, this is
associated to the fact that the minimum required time is mamdtically different from the one corresponding to
the unconstrained optimal configuration.

In order to identify how the constraints are active and hoeséhaffect the final optimal solution, optimization
is carried out with different requirements on the maneungetime 7},,.. and withn = 2. The results are listed
in Table XIV. In all cases, the same lower and upper boundsidered in Table X are applied for velocity,
design variables and vehicle weight. The results show hawpttmary performance is adjusted by the imposed

requirements on maneuvering time. As the required manawyéme decreases (more stringent), the performance



IEEE JOURNAL OF OCEANIC ENGINEERING 24

TABLE XIV
PERFORMANCE OF OPTIMAL VEHICLE WITH VARIOUS CONSTRAINT LIMITATIONS

Performances Constraints
Cases D (m) T (sec) V' (m/s) 67 (N) m (Kg) n Tmax (SEC)
1 1551.4 4.5596 111.8540 11.3672e+3 157.7 2 5.50
2 1512.2 4.3612 112.7372  11.6169e+3 155.8 2 4.50
3 1498.0 4.0918 112.3307 11.3822e+3 151.8 2 4.25

of the vehicle decreases. This preliminary study also shias the constraints produce cross-coupling effects
on the primary performance. For example, the history ofvactionstraints on turn rate changes due to different
optimization paths caused by the maneuvering time constkaing active. It is also important to note that the
maneuver time boundy, ., considered in Table XIV has been chosen as the lower limitach the optimization
procedure is able to converge to a result. The rangE,Qf, for which the time constraint is active and affects the
design is thus quite narrow, as it spans approximately f#d¥b to 5.5 sec. ForT,,., > 5.5 sec the constraint does
not influence the design, while f@r,,.. < 4.25 sec the optimization does not converge. The lack of converges

the result of the vehicle not being able to meet the imposgdirements, which are therefore not compatible with
the vehicle characteristics as considered in this works Tihiitation can be overcome if drastic modifications to the
vehicle configurations are considered. This procedureetbee, can be also used to estimate the operational limits
of the considered class of vehicles and to compare fundaihedifferent designs, which for example may feature
a cavitator with a higher number of controllable degreesreédom, thrust vectoring capabilities, and different
numbers of fins. The analysis and comparison of differenigdesolutions will need to be supported by more
sophisticated optimization tools, which are more componatly efficient and more robust in the presence of local
minima and disconnected design spaces. The efficiency dptimization process may be enhanced for example
through the use of response surface methods to perform &mgabximations of the design space. This approach

is currently under investigation

VI. CONCLUSIONS

In this work, the configuration and nominal operating speé&d csupercavitating vehicle are optimized by
integrating several operational requirements in the aptitton process. Specifically, trim conditions in level and
turning flight, as well as a heading-change maneuver areidgnesl as constraints in a system-level optimization
which seeks to maximize range during straight level flight.

The requirements on turning performance and maneuveyedflect the final optimal solution when all constraints
are active based on the imposed limitations. Strict requérgs reduce the amount of improvement in performance
as a result of their restricting the feasible design spat@ewhe solutions with relaxed constraints approach those

previously obtained during the optimization process withmnstraints. The presented results show how constraints
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related to the considered maneuver may introduce signffm@mplexity in the design space, and make the solution
of the optimization more difficult. A simple optimizationrategy is employed to handle a disconnected design
space and to improve the computational efficiency of the ggsc

The proposed procedure may be extended to include additigesmational constraints, which may be dictated
by specific strategic requirements. In addition, it may bedu® identify performance limitations of a given design
class, and to carry out comparisons between different desigfigurations. This should be supported by improved

optimization procedures which are more robust and comipuiaty efficient.
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Fig. 12.
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Fig. 13. Optimal configurations of the supercavitating ekhiobtained through optimization with various constrsint
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