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Abstract

An inverse simulation algorithm based on an integration method is applied to a system formed by a sub-
merged vehicle towed by a single main rotor helicopter by means of a massive, elastic cable. The problem
is splitinto two phases: at each discretization time-step of the inverse simulation, the trajectory of the cable
suspension point is derived first, which results into the submerged vehicle following the desired pattern
in water; then the control variables for the helicopter are determined, which make the suspension point
follow the trajectory obtained at the previous step, including cable tension as an additional load. The con-
trol action is then integrated forward in time for a fully coupled complete helicopter-cable-vehicle system
model. Discrepancies in the results between the inverse solution and the forward simulation at the end
of the time-step are compensated by (i) introducing a guidance term, which slightly modifies the desired
variables at the following step, in order to maintain the towed vehicle on the desired trajectory, and (ii) by
an attitude control logic for the helicopter, which manages the variation of moments generated by cable

tension. The method is demonstrated for a towed vehicle representative of a realistic sonar system.

1. INTRODUCTION

Environmental monitoring is becoming an increas-
ingly relevant operational scenario in the frame-
work of civil applications of manned and unmanned
aerial vehicles. Various sensors can be installed,
which provide information for monitoring the con-
ditions of water surfaces, coastlines, air, etc. When
scanning possibly wide areas with some sensor or
visiting a relevant number of waypoints is required,
careful planning of the trajectory results into a more
efficient use of vehicles in monitoring tasks. The
SAGACE project (Sistema Avanzato di MonitoraGgio
AmbiEntale in Italian, which translates into Advanced
System for Environmental Monitoring) is a research
program funded by the Apulian Regional Govern-
ment, aimed at developing innovative low-cost tools
for efficient and reliable environmental monitoring,
with a particular focus on air and water quality.
Among many others, a set of airborne sensors
for air and ground monitoring is being developed
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by the Department of Mathematics and Physics at
the University of Salento and by a small University
spin-off company, ISALIT s.r.l., based in Alessandria,
Italy. The sensors will be installed on board of mul-
tirotor platforms developed by another Italian com-
pany, which is a partner in the project, namely IDS
S.p.A. At the same time, ISALIT with other partners,
such as the Euro-Mediterranean Center on Climate
Change (CMCC) and Environmental Surveys S.r.l.
(ENSU) are developing a set of techniques for mon-
itoring coastal water. Some of the parameters are
measured by means of sensors installed on buoys
moored to the seabed, which means that measures
are taken in a prescribed and fixed position. In other
cases, water is sampled by means of a drone, which
retrieves samples of water, to be analyzed in a lab,
thus allowing for widening the area of the monitor-
ing action. However, the use of a small unmanned
platform significantly limits, at present, the area and
the depth that can be reached during a single flight,
and it rules out the possibility of real-time results.
Provided that the development of path-planning
tools for aerial systems involved in environmental
monitoring is one of the objective of the research
program, the present paper aims at investigating
the possibility of developing such a tool for a he-
licopter, towing a relatively large submerged vehi-
cle. The vehicle can carry sensors capable of field
measurements at different depths, and the cable
system provides a direct link to the helicopter for
real-time data acquisition and storage. This type of
configuration (a rotorcraft towing a submerged load
equipped with sensors) is already adopted in mil-
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itary application, such as anti-submarine warfare,
where a helicopter tows a sonar.” A relevant prob-
lem in this framework is to evaluate if the mission
trajectory envisaged for the submerged sensor plat-
form, determined with respect to monitoring objec-
tives, can be tracked with adequate accuracy. This
is done by evaluating the rotorcraft trajectory which
results into the desired trajectory of the towed vehi-
cle, checking its feasibility with respect to aerome-
chanical performance limitations of the helicopter.

The dynamics of rotorcraft with a slung load rep-
resents a challenging scenario for helicopter pilots,
on the practical operational side, as well as for
the flight dynamicists, on the theoretical modeling
side. In order to correctly predict dynamic behav-
ior and/or performance limitations, a reliable model
capable of correctly capturing the coupled dynam-
ics of vehicle, cable, and load is required, together
with suitable analysis tools.?3 Piloting and model-
ing problems become even more severe, when a
submerged load is to be dealt with, as in the case
of a helicopter towing a submerged load. In such a
case™, the cable is partially in the air and partially
submerged in water; cable length can become very
long (up to values in the order of 102 m, in military
applications), and, last but not least, a precise tra-
jectory for the towed vehicle may be relevant for the
success of the mission.

The objective of this paper is to investigate a
method based on inverse simulation (1S)5%78 for
deriving the control action on the helicopter which
results into the sonar following (almost) exactly a
prescribed path at an assigned depth, accounting
for a reasonably accurate model for each one of the
elements of the system, namely the helicopter, the
cable, and the submerged load, including all rele-
vant coupling terms. Figure 1 represents a sketch of
the problem, where the tension in the cable during
the towing task if highlighted. This problem was in-
vestigated in previous works™4, In order to allow for
a comparison with these studies, reference will be
made to the mission analyzed in’, where (i) the ca-
ble is assumed as straight and massless, (ii) the ma-
neuver is decomposed into a set of steady state arcs
and segments, and (iii) the resulting trim states are
tracked by means of a Linear Quadratic Regulator.

The present work aims at deriving a solution al-
gorithm for the inverse problem, where a massive
elastic cable is included in the model, and unsteady
maneuver phases are considered within the inverse
problem. The elements of the model are

1. the towed submerged vehicle, modeled as
a rigid body, featuring a cylindrical fuse-
lage, two low aspect ratio wings and tail ap-
pendages (variable wing incidence can be in-
cluded among system control variables);
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T (helicopter side)

Figure 1: Sketch of the problem.

2. the cable, discretized by means of N ele-
ments; where each elementis represented by a
spring-damper-mass system; aerodynamic or
hydrodynamic drag acting on cable elements
during motion is included in the model;

3. @ medium-complexity helicopter model,™"
with rigid fuselage 6 degree-of-freedom dy-
namics, an aerodynamic model provided by a
data-base of force and moment coefficients,
individual rigid blade flapping dynamics, three
state and single state first-order inflow models
for main and tail rotor, respectively.

An integration algorithm is used®®, where a
piecewise constant control action is determined
which results into the prescribed output variables
to achieve their desired value at the end of the inte-
gration interval. The method is very sensitive to un-
controlled states and non-minimum-phase behav-
ior. One of the contributions of the present work
is the determination of a numerically efficient solu-
tion strategy for this complex problem, by splitting
the inverse simulation problem into two parts.

The towing cable-sonar subsystem is isolated
from the helicopter and a nominal inverse problem
(1S1) is defined where the trajectory of the suspen-
sion point on the helicopter side provides three con-
trol variables necessary for making the towed vehi-
cle follow the desired trajectory, where the coordi-
nates of the sonar position as a function of time rep-
resent three desired output variables. The resulting
trajectory of the suspension point is then used as
the tracked output for the inverse problem of heli-
copter dynamics (IS2), where four control variables
are available (namely main rotor collective, longitu-
dinal and lateral cyclic pitch and tail rotor collec-
tive pitch) for tracking three desired output vari-
ables (the suspension point trajectory). A nominal
inverse problem is obtained by enforcing a zero-
sideslip constraint. In the framework of 1S2, cable
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tension, determined during 1S1, acts on the suspen-
sion point, as an additional load on the helicopter.

Both IS1 and IS2 problems are formulated in
terms of velocity variables, that is, sonar velocity
and suspension point velocity are used as tracked
outputs for IS1and IS2, respectively. The control ac-
tion determined by IS2 is used as the input to the
fully coupled dynamic model for the forward simu-
lation of the control action determined.

Because of problem discretization, numerical ac-
curacy of the solution, uncoupled helicopter and ca-
ble/sonar dynamics in the IS solutions, the assump-
tion of a piecewise constant control action for 1S3,
and other factors (which will all be discussed in de-
tail in the next sections), the actual trajectory of the
sonar during the forward simulation does not track
exactly the prescribed one, as defined in the frame-
work of IS1. If no correction is introduced, increasing
errors on helicopter and sonar positions builds up,
the former being potentially critical as the related
cable tension force and moment variations might
destabilize the system.

This is avoided by introducing (i) a correction
to 1S1 tracked output variables, where the desired
sonar velocity is augmented by a guidance term,
proportional to the position error, following the ap-
proach proposed in Ref. 9, for a different frame-
work, and (ii) a simple attitude control functional-
ity, where helicopter Euler's angles are kept close to
their reference values generated by IS2. The addi-
tional guidance increment of velocity variables was
required in Ref. 9 in order to compensate for dif-
ferences in the models of the same helicopter used
in the inverse and forward simulation steps of the
IS algorithm. Here the guidance term is required
for compensating the errors introduced by coupling
the cable-sonar and helicopter models.

In the next section, the rotorcraft-cable-sonar
model is presented, together with an analysis of
trim states for the whole system. At the beginning
of Section 3, general aspects of the inverse simula-
tion algorithm based on an integration method will
be recalled, before the details on the formulation of
IS1and IS2 are discussed and a solution method for
the coupled problem proposed. Section 4 provides
the results of the algorithm. A section of concluding
remarks and future activities closes the paper.

2. MODELS AND METHODS

2.1. Rotorcraft model

A medium-complexity helicopter model with articu-
lated rotor blades is adopted, taken from Refs. 10
and 11, representative of a Sikorsky UH-60 “Black-
hawk” single main rotor helicopter (Fig. 2). The orig-
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— 4INCHES

2.8 INCHES 4»‘

MAIN ROTOR DIAMETER
53 FEET - 8 INCHES
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j¢———————— LENGTH - ROTORS AND PYLON FOLDED 41 FEET - 4 INCHES

FUSELAGE LENGTH 50 FEET - 7.5 INCHES

OVERALL LENGTH 64 FEET - 10 INCHES

Figure 2: Sikorsky UH-60 “Blackhawk".

inal model features 6 degrees of freedom for the
fuselage, which is assumed rigid. A set of look-up
tables provides force and moment aerodynamic co-
efficients as functions of angle of attack, o, and
sideslip angle, 3, at hovering and in forward flight.
Flap and lag dynamics are considered for each rigid
blade, whereas an elastic torsional degree of free-
dom accounts for blade deformation around the
blade pitch axis. Aerodynamic loads on the blade
are numerically integrated in the framework of the
so-called strip theory, where each airfoil is assumed
to develop a local value of lift and drag coefficient
per unit blade length, which depends on the local
flow angle of attach and Mach number only.

Atriangular inflow model for the main rotor™ and
a uniform inflow model for the tail rotor complete
the aerodynamic model, such that tail rotor inflow
velocity is equal to g, ., Wwhereas inflow velocity dis-
tribution is on the main rotor disk is

wi(V;, r) =vy+ (VssinW 4+ vecos V) - (r/R)

r being the distance of the airfoil from rotor axis
and R blade radius. Blade anomaly for a Np; = 4
blade rotor is given by W, = W + (i — 1) - (7/2),
I = 1,2,3,4. Engine dynamics is neglected, and
constant main (€2yyr) and tail rotor (€27r) angular
rates are assumed, with W = Q. The original
model features a total of 41 state variables. Control
variables are represented by main and tail rotor col-
lective pitch, 6g,,, and 6o, ., and main rotor cyclic
lateral and longitudinal cyclic pitch, A; s and B .

With respect to the original model, a few modi-
fication are introduced. In particular, following the
findings discussed in Ref. 13, lag and torsional blade
dynamics hardly affect the results of inverse simu-
lation, especially when maneuvers are not aggres-
sive, as itis expected for the present applicative sce-
nario. Hence, helicopter model order is reduced to
25 state variables,

— (T T T AT 25
XH = (Xfus'xrotvxinf) eR
where xfusz(vg,wg,d)T,r,T)T are fuselage

states, with vg=(u, v, w)" helicopter center of
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mass velocity components in the body frame,
wg=(p,q.r)T roll, pitch and yaw angular
rates, ® = (¢, 6,1)" fuselage roll, pitch and yaw
angles, r;=(x;,y;,,zz=—h)" center of mass
position in the inertial frame; rotor states
Xrot = (B1, B2, 83,84, 51,82, 83,84, V)" _ are
represented by blade flap rate and angle, 5;, 3,
i=1,2,3,4 and reference blade anomaly, V; in-
flow states are Xjnr= (Lo, Vs, Ve, Vorg) . Again,
the control vector is given by
uy = (GOMR’ Al,s: Bl,Sv QOTR)T S RA'.

2.2. Cable model

The cable is discretized by means of N straight elas-
tic elements and N + 1 nodes (Fig. 3), where the
position of node 0O is the attach point on the heli-
copter, whereas node N is the attach point on the
submerged vehicle side. Amass m; = m¢/(N—1) is
associated to all the remaining N — 1 nodes, where
mc is the total mass of the cable.

Letting r; be the position vector of the /-th node,
the length of the i-th element is 4; = |[[ri — ri_1]|.
The resulting tension in the element, which is the
internal force exchanged between nodes jand i —1,
is given by T; = E Ag;, where E is Young's modulus,
Athe area of the cable section, and e; = (¢,—4£p) /4o,
2o = Lo/N being the length of cable elements at
rest (assumed all equal), and Ly is the length of the
whole cable at rest.

Friction between fibers and/or with cable coat-
ing dissipates energy. This effect is accounted for by
means of a viscous-like damping force, F,-d = Cyd€i
where the deformation rate in the tangential direc-
tion q; of the j-th elementis &; = [(v;—v,-1)-4;]/4o.
The internal force fi"* = (T; + F)q, exchanged
between each pair of nodes thus lies along q; =
(ri —ri_1)/||ri — ri_1|| and it is equal to that of a
spring and a damper in parallel, as represented in
the enlarged inset in Fig. 3.

.....

N, i-th cable™N
. element

A
I
Figure 3: Discretization of the cable.
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The derivation of a model for external forces act-
ing on the /-th cable element, equal to the sum
of hydrodynamic and buoyancy forces and weight,
£t — f11£2 1 f, requires that a set of axis is asso-
Ciated to the element itself. This is done by choos-
ing a local frame F; = {q;, p;1, P2}, where p;; is
normal to the tangential direction q;, in the vertical
plane, and p;, completes a right-handed triad.

Following the approach presented in Ref. 14, and
letting v; = (Vg,, Vp1,, Vp2,) " be the velocity compo-
nents of the mid-point of the /-th cable element ex-
pressed in F;, hydrodynamic force exchanged with
the surrounding fluid of density p,, is given by f/ =
(fqh, fphlj, fphzi)T, with

1

. 1
fq’: = —sign(vg,) §PXCDdceO’cq,-||V/||2
1 Vp1;
fr, = _§pXCDdC£0fp,-||Vi||2 - = -
Vpll + Vp2i
1 Vpo.
o, = —QPXCDdcfofp,||V/H2 - £ -
Vp]-/ + Vp2i

where the subscript x = a, when the element is in
the air and x = w, when it is in water, d. is ca-
ble diameter, Cp its drag coefficient, when the flow
impinges in a direction normal to §;, and two ex-
perimental parameters are introduced, namely 7,
and f,,, which depend on the local incidence, n; (ex-
pressed in radians), with

f;, = 0.01(2.008 — 0.3858n; + 1.9159n? +
+4.1615n7 + 3.5064n — 1.1873n7)
0.5—0.1cos(n;) + 0.1sin(n;) +
—0.4 cos(2n;)) — 0.11sin(2n;)

Assuming the free surface of water is at z =
0, and remembering that altitude h = —Zz, when
the usual convention on the direction of the z-axis
parallel to the local vertical is adopted, when both
nodes /i — 1 and / are above the surface (zi_1,z; <
0), then air density is assumed, whereas when z;
and z;_; are both positive, both nodes are below
the water surface and water density is assumed.
Letting k be the index relative to the k-th cable ele-
ment, such that node k is below the surface (zx > 0)
and k — 1 above (zx_; < 0), drag force is eval-
uated for both densities and a weighted average
is used. Weights are equal to wy = z¢/Azx and
Wi_1 = Zxk—1/0z, for the k-th and the (k — 1)-th
nodes, respectively, with Az, = |zx — zx_1]|. Other
hydrodynamic actions, such as lifting force or added
mass effects, are neglected.

Buoyancy and weight both act along the local ver-
tical. Letting V' = A{p be the volume of the ca-
ble elements, the sum of these two forces is equal

f =

1
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to f° + f¥ = (pc — pw)VG, where g = ||g]| is
gravity acceleration, directed along the local verti-
cal. Once the total external actions on the /-th cable
element are evaluated, it is split in two equal parts
and each part is applied, together with tension and
internal damping forces, to the massive nodes at
the edges of each element. Provided that the mass
of all nodes are equal, the resulting equation of mo-
tion of the j-thnode, 1 =1,2,..., N—2,N—1,is
thus given in an inertial frame by applying Newton's
second law, that is,

mit; = (Tig1+ FA)@ — (T + £, +
1
(1) + 35 (FT+ 1) + (mi — pV)g

The resulting state vector of the cable model is
thus given by x¢ € ROV=1) with

T T T, T JT. ..T T T
Xc=(Fy,r{iF, s F b Ey_1, Fy_1)

2.3. Sonar model

The submerged towed vehicle’ is made of a 2 m
long cylindrical fuselage, with a diameter of 0.25 m.
The vehicle features a low-aspect ratio variable-
incidence wing, which can be used for controlling
vehicle depth, and three fixed tail surfaces, which
provide longitudinal and directional restoring mo-
ments for static stability and damping moments
around the same axes (Fig. 4.a). Relevant dimen-
sions are reported in Fig. 4.b. In what follows, wing
incidence will be assumed fixed, in a neutral posi-
tion. A spherical joint connects the vehicle to the
towing cable, which allows all three relative rota-
tional degrees of freedom. Only a tension force is
thus exchanged at the joint. Damping around the
roll axis is guaranteed by the wing, whereas lateral
stability results from the action of the tension force
on the joint placed above the center of mass.

The towed vehicle is assumed to be rigid, and a
body frame, F; = {€,1,€,,,€&,3} is attached to it,
as represented in Fig. 4.a. Its motion is described by
a set of 12 nonlinear ordinary differential equations,
where all vector quantities with a subscript L are
expressed in F|, given by:

me (Ve +w xv) = fl+f +mg+t

hw, +w, X(leL) = m'[—i—rixt
() it = Tw
d>L = Rile

where m; =450 kg is the mass of the vehicle,
I, =diag(3.5, 150, 150) kg m? its inertia tensor,
v =(ug, vi,w )" the velocity of the center of
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Figure 4: Sketch of the towed vehicle (a) with relevant
dimensions in cm (b) (from Ref. [1]).

mass, the position of which in the inertial frame
is rCt=(x, v, z)", we=(pL.,q.. )" its angu-
lar velocity, ff and m’Z are hydrodynamic force
and moment, f’Z and m; g are buoyancy force and
weight, t the tension force applied by the cable at
the joint, the position of which in F; is given by ri.
Finally, T, is the coordinate transformation matrix
from the body to the inertial frame, whereas R~*
relates the angular rates to the evolution of the roll,
pitch, and yaw angles, ®;, = (¢,,0,,%.)". The
state vector of the submerged towed vehicle is thus
given by

-
xs = (v] w] ®] rFL )T c R12

Only one control variable is present,u; =6, € R,
given by the variable incidence of the wing.

In order to evaluate hydrodynamic force and mo-
ments, the vehicle is decomposed into 6 elements,
namely the fuselage, two half wings, two horizon-
tal tailplanes and one vertical tailplane. Interference
and added mass effects are neglected. All hydro-
dynamic surfaces are characterized by a symmetric
airfoil, with a drag coefficient Cy, = 0.025 and a
lift gradient Cy, = 27. A parabolic drag polar is as-
sumed, Cp = Cp, + KCZ, where K = 1/(mARe)
(where R = b?/S is wing aspect ratio, e its Os-
wlad's factor, b and S wing space and surface, re-
spectively). Neglecting effects at the tip, one has
that Cp, ~ Cqgand C; =~ C;. ACp = 1is assumed
for the fuselage, with a reference area equal to the
section of the cylinder.

The local incidence a on the k-th surface can be
evaluated from the local velocity with respect to the
surrounding water mass, which, for a rigid vehicle, is
given by vf = v, +w, xrf, where rf is the position
vector of the center of pressure of the k-th surface
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in F|. After expressing all the (local) lift and drag
components acting on each surface and expressing
these hydrodinamic forces in terms of body-frame
components, ff, it is possible to write

fl=> ff; ml => rfxf]
k k

Finally, buoyancy force and weight, f’Z and m; g,
both act along the local vertical, with [|f?|| = p,, Vi,
V. being the volume of the vehicle. Gravity is ap-
plied to the center of mass, G L. For the sake of sim-
plicity it is assumed that also the buoyancy force
is applied to GL, thus neglecting a restoring buoy-
ancy moment, usually negligible with respect to the
restoring moment induced by cable tension, t. The
latter is equal to the tension in the N-th cable ele-
ment, applied to the joint in the direction of qy.

2.4. Coupled model and submodels

The state vector of the fully coupled model repre-
senting the dynamics of the system is given by

xs = (x, xE, xL)T € R37+6(N-1)

As for control variables, a fixed neutral 0 deg inci-
dence for the hydrofoil of the towed vehicle wing
is assumed, so that no additional control variable
is present on the towed vehicle side. The control
variables of the complete system thus coincide with
those of the helicopter, us = uy € R*.

Even for relatively small values of the number of
cable elements, the order of the system becomes
rather large (e.g., for N = 6 the order of the sys-
tem is 67). For this reason, both the trim algorithm,
used for mapping cable configuration and vehicle
attitude and position at different helicopter forward
speed, and the inverse simulation algorithm work
on two sub-models. The first one (SM1) consists in
the helicopter model, so that its state and control
vectors coincide with those listed for the helicopter
(Xspy1 = Xy € R?®, usyy = uy € R*). The sec-
ond sub-model (SM2) is made of the towing cable
and the submerged vehicle, so that its state vector
is xsp2 = (xF,x5)T € RI2H6(N=1) without any in-
dependent control variable available. The input to
this system is represented by position and veloc-
ity of the suspension point on the helicopter side,
which depend on helicopter motion.

2.5. Trim states

Provided that forces and moments exchanged be-
tween rotor blades and helicopter airframe can
never be exactly constant in time, a trim state for
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a rotorcraft is obtained when a set of constant con-
trols us,j; is determined such that state variables
are periodic in time, with average values X which
provide the desired trim value for airspeed, angu-
lar velocity and climb rate.

Trim states for SM1 are obtained by means of
a periodic shooting technique,’™ where a periodic-
ity condition is enforced on all state variables, such
that x(t +T)=x(t), for T = (27/Np;)/Qmr, thus
providing, in the present application, 25 periodic-
ity constraints. Four additional trim constraints are
also enforced. In the present study, only steady rec-
tilinear flight conditions at zero sideslip are consid-
ered as initial conditions for the inverse simulation
problem. Letting Vs be the desired airspeed, the
constraint on average airspeed achieves the form
(72 + V2 + w?)1/2 = Vs, whereas average values
of angular and climb rates and sideslip angle are all
required to be zero (p° + G° + 7> =0, h = 0, and
v = 0). Awell posed set of 29 algebraic equations in
29 unknowns (25 state variables at time t =0 and
4 control variables) is obtained, which is solved by
means of a Newton-Raphson (NR) method.™ Trim
states of the UH-60 helicopter were analyzed in sev-
eral works, including Refs. 10 and 11, and are not re-
ported here for the sake of conciseness.

If a straight and level trim condition for the heli-
copter is dealt with, one can assume that the sus-
pension point on the helicopter side runs along a
straight trajectory at constant speed and altitude.
This approximation is reasonable, provided that the
amplitude of the oscillations of trajectory variables
is relatively small. A second trim problem is thus
defined for the second sub-system, where all the
states of SM2 are required to be constant. In order
to reduce the number of unknowns, it is possible to
assume that (1) all mass elements of the cable and
the towed vehicle moves with the same horizontal
velocity, equal to Vyes; (2) angular rate of the towed
vehicle is zero, hence its attitude and course an-
gles are constant. Moreover, assuming a symmet-
ric geometric configuration for the sonar, (3) all the
remaining lateral-directional states (namely v; and
¢.) are also 0 and (4) the problem can be reduced
to a planar one, where cable and vehicle center of
mass all lie on the same plane.

Letting xg, zo be the assigned reference position
of the suspension point (with xg = Vjes), the un-
knowns of the trim problem for SM2 are repre-
sented by a subset of its states, namely
)A(SMQ = .,AX,‘,Z,‘,...

o DXy, zy—1 AXGL, Za1, GL) S R3+2(N_1)

(Axq, z1, Axp, 22, . .

Trim constraints are represented by equilibria for
horizontal and vertical force components acting on
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Figure 5: Trim configurations of a 240 m long cable for

1 < Vjes <10 m/s.

N — 1 cable mass elements, providing 2(N — 1) con-
ditionsintheformXx; =27 =0,1=1,2,...,N -1,
longitudinal force and moment equilibria on the
towed vehicle provide additional 3 conditions, so
that the trim problem for SM2 is also well posed.

The results for the trim problem of SM2 for N = 6
are reported in Figs. 5, 6, and 7. With no action on
vehicle wing incidence, the position of the vehicle
gets closer to the water surface at higher speed,
with an increasingly negative displacement in the x
direction, due to the increased drag (Fig. 5). Sonar
pitch attitude is nose-up at low speed, becoming in-
creasingly negative for V. > 2.5 m/s (Fig. 6).

Also cable tension steadily increases (Fig. 7), pro-
vided it must withstand the vector sum of a (con-
stant) difference between weight and buoyancy
(acting along the local vertical) plus steadily increas-
ing drag and lift hydrodynamic force components
acting on the towed vehicle (the latter directed
downwards, because of the negative pitch attitude
at higher speed). Cable tension represents an ad-
ditional load acting on the helicopter. As a con-
sequence, the trim problem for SM2 needs to be
solved first, in order to determine magnitude and
direction of tension at the cable suspension point.
This force, assumed constant, is applied to the heli-
copter during the periodic shooting trim of SM1.

An additional constraint on towed vehicle depth
can be enforced, if one includes wing incidence 6,,
among the unknowns, thus increasing by one the
order of the algebraic system to be solved. Trim pro-
cedures for SM1 and SM2 during a steady turn are
also available. None of these trim problems are ad-
dressed here, for the sake of conciseness, provided
they play no role in the inverse simulation problem
that will be discussed in the next section.
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Figure 6: Sonar attitude at trim for 1 < Ves < 10 m/s.
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Figure 7: Cable tension (horizontal and vertical compo-
nents and magnitude) at trim for 1 < Vges < 10 m/s.

3. INVERSE SIMULATION OF THE ROTORCRAFT-
CABLE-SONAR SYSTEM

3.1. Inverse simulation algorithms

Consider a dynamic system, described by a set of
ordinary differential equations in the form

x = f(x,u)

with state and control vectors represented by x &
R" and u € R, respectively. Let

y = g(x)

be a set of tracked output variables, y € R”. An in-
verse problem is defined when a desired variation
of the output variables is prescribed in the time do-
main, Yy = Yqes(t), and a control action u = (t)
is searched for, which produces an evolution of the
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state x(t) such that the resulting values of the out-
put variables match the desired ones at all the con-
sidered time instants, g[X(t)] = Yges(t).

When m = p, a nominal problem is dealt with,
which results into a well posed algebraic problem,
when differential methods are adopted.> When
m < p, an underactuated problem is tackled, where
the number of available controls does not allow for
tracking the prescribed outputs, in the most gen-
eral case. A minimum error solution can be sought
(e.g. in the least square sense), but inverse solu-
tion algorithm stability can easily become critical.
If m > p, a redundant problem is obtained. In
this case, while enforcing the required constraints
on output variables, it is possible to provide the in-
verse solution with additional features, relevant for
the considered application (e.g. minimum displace-
ments of controls, as in Ref. 8). In what follows, only
nominal problems will be dealt with.

Integration methods®7® are based on the def-
inition of a piecewise constant control action
u(t) =1y for ty_1 < t < tx, such that the prescribed
constraint is enforced at the end of the considered
integration time interval. Assuming the initial state
Xk—1 at time tx_1 is known from the previous time-
step, it is possible to numerically integrate system
dynamics for a constant value of the control vari-
ables, i, thus deriving X, = x(tg), and the cor-
responding values of the output variables at time
tr = txk—1 + AT. The inverse problem is solved
when, at convergence, a value of i, is determined
such that the outputs y = g[X(tr)] match their de-
sired values y 4.5 at the same time instant.

Ideally, one would choose tr = t,, with AT =
0t = tx— tx_1, adopting a NR solution scheme,
for nominal problems, which requires the evalu-
ation of a Jacobian matrix J, the components of
which, J; g = 0y;/0uy, need to be numerically deter-
mined. The accuracy in the evaluation of J repre-
sents one of the most crucial issues in the defini-
tion of the algorithm. In the presence of transmis-
sion zeros and/or uncontrolled states J can become
ill-conditioned, causing the inverse simulation algo-
rithm to diverge. This problem is alleviated® by inte-
grating the equations of motion for a constant con-
trol input over a longer time interval, AT = N;dt.
The control action G which results into the desired
outputs to be achieved at time tp=1t,_ 1+ AT, is
then integrated forward in time between t, _; and
ty =ty _1 + At. This allows uncontrolled states to
settle, prior to evaluating output variables, at the
cost of an increased computational burden, pro-
vided all the p x m simulations required for eval-
uating J are performed over a time interval N;
times longer that dt. Moreover, tracked variables
are achieved with a delay.®
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3.2. Inverse simulation of sonar trajectory

The inverse simulation problem for the cable-sonar
system (IS1) consists in the identification of the tra-
jectory of the joint (J) placed at the suspension point
of the cable, at the helicopter side, which results
into the towed vehicle following (almost) exactly
its prescribed pattern. The input variables for the
system are velocity components of the suspension
point in the inertial frame, F;. Assuming helicopter
altitude is constant, the vertical coordimate of the
suspension point is also (at least approximately)
constant, hence the corresponding vertical speed
component is equal to zero. Only two input vari-
ables are thus present, namely u;s1=(v{,v;/)’,
which are used for allowing the sonar to track the
projection of its prescribed trajectory in the horizon-
tal plane, y;s; = (xCL(t), yCL(t))T, thus resulting
into a nominal inverse simulation problem, with two
tracked variables and two pseudo-control variables.

The integration method is used with an in-
verse problem discretization interval 6t =0.2 s and
a settling time AT;=7.0 s, which corresponds
to a value N;; =35. Given the kinematic nature
of the problem, it is possible to avoid the use
of a (computationally expensive) NR method, cir-
cumventing the need for the evaluation of a nu-
merically critical Jacobian matrix of the output
variables with respect to pseuto-controls. Letting
Ay g1 = AI’,GL(T.'F;L) = rL,des(tFl) *f,GL(tFl) (where
t is the projection of a position vector r on the hor-
izontal plane at sonar depth, h;), a simple iterative
scheme is obtained, where

U§'5+112 = ugls)l,k + Ay/ATy

Convergence is achieved when ||Ay|| < €, with
€-=0.5m. An initial guess is obtained from the so-
lution at convergence for the previous inverse sim-

ulation step, ugg)lvk =051 k-1

3.3. Inverse simulation of helicopter motion

Once the trajectory of the cable suspension point is
determined from the solution of IS1, the helicopter
controls which produce such a trajectory are deter-
mined (IS2). This problem is similar to the inverse
simulation problem investigated for the same heli-
copter in Refs. 9 and 13, with the only difference that
a trajectory is assigned for a point different from
vehicle center of mass. This fact does not increase
the difficulty or complexity of the problem, provided
that under the assumption of a rigid fuselage, the
output variables, represented by the velocity com-
ponents of the suspension point, are given by

3) Yiso=v] =Tg(vg +wg x rg) € R
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Figure 8: Block diagram of the two-step inverse solution procedure with forward integration of the fully coupled
model: (a) simple feedforward of control action to the complete system; (b) scheme with turbulence and compensa-

tion of position and attitude errors.

where r} =(x,,0,z,)7 is assumed to lie on the

fuselage longitudinal plane and T,z is the coor-
dinate transformation matrix from the body to
the inertial frame. In the present study, it is
r5=(0.1,0,0.5)" m, so that variations of cable
tension produce a significant perturbing pitch mo-
ment, which affects helicopter motion.

The desired values of the tracked outputs is given
by Yaes = (v, v;,0)", where v{ and v; are de-
rived from the solution of 1S1. A redundant prob-
lem is thus formulated for the inverse simulation
of helicopter motion, where 4 control variables,
uss» uy € R* are available for tracking 3 out-
put variables. By requiring that the helicopter flies
at O sideslip angle, an additional constraint is in-
troduced, transforming IS2 into a nominal inverse
problem, where 4 control variables, uy are available
for enforcing 4 constraints, in the form

Yis2 =Ydes: B=0

The same discretization interval used for IS1,
0t=0.2 s, is adopted also for IS2, in order to eas-
ily match the two time-marching procedures. Fol-
lowing the guidelines developed in Refs. 9 and 13,
a settling time equal to AT, =0.6 s is adopted for
IS2, which corresponds to N;; =3, for a numeri-
cally more efficient solution, whereas AT, =1.0sis
used, if a smoother control action is desired, at the
cost of a computational time approximately 40%
times longer. More details on the inverse solution
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of helicopter motion for an articulated blade rotor-
craft model by means of integration methods can
be found in the cited references.%'3

3.4. Inverse solution coupling

The sequence of the solutions for the inverse prob-
lems IS1 and IS2 provides an estimate for the con-
trol action on the helicopter by solving the inverse
problem for sonar trajectory and then finding the
control action for the helicopter, which results in
the suspension point following the trajectory pre-
scribed by the solution of 1S1 over the same time
interval. This approach is depicted in the block dia-
gram of Fig. 8.a, where the trajectory of the sonar,
I des. represents the input to I1S1, which determines
the velocity components of the cable suspension
point on the helicopter side, 051 :vées, which in
turn represent the desired outputs tracked by the
solution of IS2. This latter inverse problem deter-
mines the evolution of helicopter controls @i, which
track the variation of vées.

Unfortunately, because of the introduction of the
settling time AT, which causes a delay in the acqui-
sition of the tracked outputs, and other sources of
errors in the inverse solutions (problem discretiza-
tion, convergence accuracy, and so on), discrepan-
cies between the evolution of the output variables
for the complete, fully coupled model and their de-
sired values build up during the forward simula-
tion, being initially rather limited, but then becom-
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ing possibly relevant. This coupling approach de-
picted in Fig. 8.a thus can provide just an estimate of
helicopter control travel, for a preliminary maneu-
ver feasibility analysis, but not an accurate inverse
solution for the fully coupled system, formed by the
rotorcraft, the submerged vehicle, and the towing
cable connecting them.

For the present applicative scenario, where mi-
nor errors in the position of cable suspension point,
J, result into sizable variations of tension and even
more significant moments applied by the cable to
the helicopter fuselage, drift in the error can be-
come severe. The drift can be limited if at each time-
step differences between the models at the basis
of the inverse solution (two decoupled sub-models)
and the model used for the forward simulation (a
complete, fully coupled model of the helicopter-
cable-sonar system) are accounted for in defining
the desired variables and the control action.

A guidance term similar to that adopted in Ref. 9
is introduced. Moreover, a correction to the value of
helicopter control variables determined by IS2 is ap-
plied, which allows to maintain the prescribed atti-
tude in the presence of errors on the position of the
cable suspension point, as depicted in Fig. 8.b. More
in detail, at time tx_1, IS1is solved, thus determining
a desired velocity for J, v . = (v¢, vyJ, 0)7,asinthe
previous case. This signal is integrated forward in
time, thus determining also a desired position rﬁ,es
for J, which is compared with the actual position of
the suspension point. A velocity command for J is
thus provided to IS2, in the form

J J J J
(4) Viom = Vges + KG(rdes - r/)

where a guidance term is added to the desired ve-
locity obtained from 1S1,° which compensates for
errors in the actual position of J with respect to the
desired one. Hence, IS2 is now required to deter-
mine a control action on helicopter controls such
that y,so, expressed by Eq. (3), tracks the value of
v, expressed by Eq. (4).

Without any further compensation, even a small
error on the actual position of the suspension point
may generate relevant moments due to cable ten-
sion, possibly causing a rapid divergence of rotor-
craft attitude motion. For this reason, an attitude
control system is introduced, with a simple propor-
tional feedback on Euler’s angles, in the form

AU¢ = K¢A¢

where K¢ = diag(0, k¢, ko, ky) is control gain ma-
trix and the error signal A® =®,.r — ® is the dif-
ference between a reference value for helicopter
Euler's angles during the current time-step, pro-
vided by I1S2, and the actual value obtained from for-
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ward simulation of the complete helicopter-cable-
sonar system. When dealing with low-speed, non-
aggressive maneuver tasks, as in the present case,
control signals around the three axes are decoupled
and no increment on collective pitch is included in
Euler's angle feedback loop.

The compensation of errors on current attitude
is sufficient in the ideal case, when external distur-
bances are not accounted for. In the presence of
wind gusts, as represented by an atmospheric tur-
bulence model, the effect of the difference between
groundspeed and airspeed, not accounted for in
the framework of the inverse simulation, causes the
helicopter to drift away from its prescribed path. A
second feedback loop is thus included to maintain
the forward simulation close to the specified pat-
tern. This is obtained including another increment
to helicopter control in the form

AUr - KrArJ

where the error signal Ar/ = Tg,(r/,, — /), equal
to the difference of the desired position of the ca-
ble suspension point with respect to its actual po-
sition obtained from the forward simulation, pro-
jected into a set of body axes, is fed to the collec-
tive, lateral and longitudinal cyclic pitch by the gain
matrix

0 0 ki
1o kO
Kr=14% 0 o0
0 0 0

Again, a decoupled set of feedback loops is dealt
with for vertical, longitudinal and lateral displace-
ments, a strategy that works well at low speed, be-
low 10 m/s. No feedback to tail rotor collective is
present.

4. RESULTS AND DISCUSSION

Various maneuvers have been analyzed, such as
90 deg and 180 deg turns. The latter can be con-
sidered as the basic element of a trajectory that
scans a given area by means of sensor sweeps along
a prescribed direction, where one sweep at con-
stant speed in one direction is followed by a return
trajectory displaced by a prescribed amount. As a
demanding testbed for the technique, a teardrop
trajectory is reported here, for a detailed analysis.
The ideal pattern to be followed by the submerged
towed vehicle is represented by an initial rectilinear
segment approaching the maneuver area, an initial
turn to the right, a longer and tighter turn to the left
and a final turn to the right which recovers the in-
coming trajectory in the opposite direction (Fig. 9).
The details of the maneuver are reported in Table 1.

Page 10 of 13

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2019 by author(s).



Table 1: Relevant parameters for the teardrop trajectory

Constant Velocity Altitude Cable length
parameters V [m/s] h[m] Lo [m]
(all phases) 10.0 50 240
Maneuver Radius Angular rate Angular travel Duration
phase R [m] w [rad/s] A [deg] At [s]
Approach and exit — — 0 20
Turn 1 and 3 300 0.0333 46.97 24.62
Turn 2 140 0.0714 —273.93 66.96
200 T T 250
—— Straight rectilinear flight at V = 10 m/s and h = 50 m 200 - Trajectories: towed vehicle ]
150 Turn 1, 47 deg to the right suspension point
Turn 2, 274 deg to the left 150 I g
Turn 3, 47 deg to the right
100 -
100 1
50 50 | i
E o E of T |
-50 - S0y i
-100 - ,
-100 - N
-150 - J
-150 - 200 o ]
200 ‘ . . . . 250 ‘ ‘ ‘ . ‘ .
0 100 200 300 400 500 -200 -100 0 100 200 300 400 500
x [m] x [m]

Figure 9: Shape of the teardrop trajectory.

The same maneuver was also analyzed in Ref. 1,
where a sequence of straight rectilinear and turn-
ing steady-state conditions was considered. The in-
verse simulation approach proposed in this paper
fully accounts for maneuver transients, which result
into the helicopter following a significantly differ-
ent pattern, provided that cable dynamic response
significantly interfere with how helicopter motion is
transferred to the towed vehicle. This is apparent
from the solution of 1S1, depicted in Fig. 10, where
the trajectory of the suspension point is far from be-
ing a steady state one, especially in the presence on
inflection points, where curvature is reversed.

In the absence of a guidance term for the velocity
command, the inverse simulation of helicopter mo-
tion (IS2) results in an increasing position error for
the suspension point, which ends up to be in the
order of a few meters, during the terminal phase
of the maneuver. This is clearly unacceptably large,
when the control action determined by IS2 is fed
to the fully coupled model. The guidance term re-
duces the error to a fraction of a meter, accept-
able, as far as trajectory accuracy is concerned, but
still too large, if the forward simulation step is per-
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Figure 10: Comparison between the trajectories of the
towed vehicle and of the cable suspension point.

formed not by the decoupled sub-model 2, but us-
ing the fully coupled one. Only when a compensa-
tion on attitude angle errors is present, which aug-
ments the value of helicopter control variables gen-
erated by I1S2 by means of terms proportional to the
errors on roll, pitch, and yaw angles, as discussed in
the previous section, the inverse simulation system
based on the use of a fully coupled, complete model
of the helicopter-cable-sonar system remains stable
for the whole duration of the maneuver. The results
for tracking performance of towed vehicle and sus-
pension point trajectories are reported in Figs. 11.a
and b.

If a turbulence model is included in the forward
simulation, in order to simulate realistic environ-
mental conditions, the inverse simulation scheme
remains stable, but a drift in the actual positions of
helicopter and towed vehicle rapidly builds up. This
drift is compensated by introducing a second feed-
back term, which, as said, augments helicopter con-
trols generated by IS2 by means of a second con-
tribution, proportional to the position error of the
helicopter with respect to the desired cable suspen-
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Figure 11: Desired and actual trajectories of the towed
vehicle (a) and of the cable suspension point (b) when
the forward simulation is performed by means of a com-
plete, fully coupled model of the helicopter-cable-sonar
system.

sion point position. The results are almost as good
as those presented in Fig. 11, in terms of position
accuracy, with a minor increase in position errors
and an increased control activity, as visible in Fig. 12.
Also the evolution of attitude angles, reported in
Fig. 13 for two inverse simulations performed with-
out and with turbulence in the forward simulation
step, clearly shows that turbulence induces oscilla-
tions on attitude variables that need to be compen-
sated for, in order to maintain the suspension point
on the prescribed path.

5. CONCLUSIONS

An inverse simulation algorithm was developed for
a system formed by a helicopter towing a sub-
merged vehicle by means of a massive elastic ca-
ble. The contributions of the paper lie in the de-
velopment of an algorithm which accounts for ca-
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Figure 12: Controls used for the forward simulation of
the teardrop trajectory without (blue) and with turbu-
lence (red): collective pitch (a); longitudinal cyclic (b); tail
rotor collective (c); lateral cyclic (d).
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Figure 13: Euler's angles during forward simulation of
the teardrop trajectory without (blue) and with turbu-
lence (red): roll (a), pitch (b), and yaw (c) angles.

ble dynamics and maneuver transients, capable of
providing a baseline feed-forward control term by
means of a two step procedure, based on the solu-
tion of two inverse problems. The first inverse prob-
lems, for the cable-sonar sub-system, is solved in
terms of kinematic variables, where the velocity of
the suspension point on the helicopter side is deter-
mined, which maintains the center of mass of the
towed vehicle on a prescribed path. The second in-
verse problem allows one to determine the evolu-
tion of helicopter controls which make the suspen-
sion point follow the pattern determined during the
first step. When a fully coupled model is adopted in
forward simulation, the use of simple proportional
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feedback on attitude and position variables allows
to maintain algorithm stability, and adequate track-
ing performance also in the presence of a simula-
tion of atmospheric turbulence.
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