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The paper deals with considering the two non-traditional ways of application of hy-
drodynamic fins for high-speed underwater supercavitating vehicles. The techniques
for active roll stabilization and course control of the moving supercavitating vehicle
are developed that use the regulation of the roll angle by means of both the special
roll fin, and the automatic error-closing control system. The examples of a computer
simulation of the course of maneuvering of the supercavitating vehicle controlled with
the vertical hydrodynamic fins having zero roll angle stabilization are given along with
the cases of the roll angle regulation. A method for determining the equilibrium motion
parameters (balancing) of the supercavitating vehicle is developed for the case when a
pair of identical horizontal cavity-piercing fins is used for complete or partial compen-
sation of the vehicle’s weight. The examples of a computer simulation of the motion
of the supercavitating vehicle with horizontal fins in both the planing avoidance mode,
and the combined mode are presented. It is shown that the steady-state longitudinal
motion of the balanced supercavitating vehicle in the planing avoidance mode is stable
“in the small”, in contrast to its motion with planing in the cavity. It is found that, the
horizontal fins in the combined motion mode can play a damping role suppressing the
supercavitating vehicle motion instability “in the small”, however, after a long time
interval, the motion loses the global stability. The computer simulation suggests that
the activation of the automatic depth stabilization makes the supercavitating vehicle
motion stable in general in all the examined cases. Also it is revealed that course ma-
neuverability of the supercavitating vehicle controlled with the vertical fins is maximal
when starting the balancing in planing avoidance mode, but it deteriorates dramati-
cally when starting the balancing in the combined mode.

KEY WORDS: supercavitating vehicle, control, maneuvering, fins, roll, computer sim-
ulation

1. INTRODUCTION

A natural way to attain a very high speed in water is to form the motion in the supercav-
itation regime, when a cavity filled by water vapour or gas is formed around a body with the
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Fig. 1. Two modes of a SC-vehicle motion:

a — planing in a cavity mode, b — planing avoidance mode

help of a special nose cavitator [1]. In this case the water drag to the motion is dramatically
decreased due to minimization of both the friction drag and the base drag.

The regime of motion of a supercavitating vehicle (briefly a SC-vehicle) is traditional,
when the vehicle is planing by its small tail part along the lower cavity wall (the planing
in a cavity mode, see Fig. la). In this case the vehicle weight F, is compensated by the
hydrodynamic lift on the wetted body part Fj,, and an arising moment relatively to the
vehicle mass center is compensated by the moment of the lift F,,, created by the cavitator
inclination.

The SC-vehicle dynamics is very complex due to the nonstationary behavior of the cavity
and the complex discontinuous interaction of the body with the cavity walls. In particular,
the steady-state longitudinal motion of the SC-vehicle in the planing in a cavity mode is
unstable on depth, therefore there is a necessity of active depth stabilization of the SC-
vehicle motion. In practice, the depth stabilization of the SC-vehicle motion is realized by the
automatic error-closing regulation of the cavitator inclination angle §, (d-stabilization) [2].
The second problem is choosing an optimal strategy of control of the SC-vehicle motion,
that ensures specified parameters of its course maneuverability [3,4].

In our works [5-8], the comparative analysis of the following three methods of the SC-
vehicle motion control was given:

1) inclination of the cavitator with two degrees of freedom (d-control);
2) deflection of the propulsor thrust vector with two degree of freedom (n-control);

3) using vertical and horizontal hydrodynamic cavity-piercing fins (f-control).
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In this case we supposed that the SC-vehicle moves in the traditional planing in a cavity
mode (see Fig. 1a). The obtained conclusions are briefly listed in Section 3.

The paper [9] considers an alternative scheme of the SC-vehicle motion avoiding the
planing of the vehicle tail part along the cavity wall, which results in instability of the SC-
vehicle motion (the planing avoidance mode). In this case a pair of horizontal cavity-piercing
fins located in the vehicle tail part are used to compensate the vehicle weight Fy, (see Fig. 1b).
The work [10] is based on a similar idea, in this case the weight compensation and stability
of the SC-vehicle longitudinal motion is ensured by means of an ring-type tail wing. The
work [11] considers a possibility of maintenance of the planing avoidance mode by regulating
the gas supply into a ventilated cavity.

Use of hydrodynamic fins as operation controls of the SC-vehicle motion, which serve
directly to create transversal control forces (as in [4,8]), may be considered as traditional.
This article considers two non-traditional ways of application of hydrodynamic fins for SC-
vehicles.

A method of active roll stabilization of the SC-vehicle and a method of course control
of the SC-vehicle motion by regulating the roll angle 6 (f-control, which is analogous to
the “bank-to-turn” control) are investigated in Sections 4 and 5. Examples of computer
simulation of course maneuvering of the SC-vehicles at both the f-control with the zero roll
angle f-stabilization, and the #-control are given.

A method for determination of the balanced values of the motion parameters (balancing)
of the SC-vehicle with horizontal fins in the planing avoidance mode (see Fig. 1b) and in the
combined mode, i.e., if both the horizontal fins and planing of the vehicle body in a cavity
are presented, is considered in Section 6. Examples of computer simulation of motion of the
SC-vehicle balanced in both the planing avoidance mode and the combined mode are given
in Section 7.

2. CALCULATION METHOD AND DESIGN MODEL

For computer simulation of dynamics of the self-propelled guided underwater SC-vehicles
with ventilated supercavities we use the approximation mathematical model of 3D motion of
supercavitating bodies based on the principle of independence of the unsteady cavity section
expansion by G. V. Logvinovich [1]. It includes the following equations and relations:

e — equations of 3D-dynamics of a solid body with six degrees of freedom in the body
coordinates;

e cquations for calculation of an unsteady cavity shape and its location in the flow
coordinates with taking into account the cavity distortions caused by both the cavitator
inclination and the gravity effect [12,13];

e equations for pressure in a ventilated cavity p.(t), which is determined by a difference
between a rate of gas supply into the cavity and a rate of gas loss from the cavity [13,14];

e relations connecting the acting hydrodynamic forces and moments in the body coordi-
nates with the current body and cavity parameters, where the force components when
the vehicle is planing in a cavity are calculated by E. V. Paryshev’s formulae [7, 15];
to calculate forces on the fins and dimensions of cavities forming past the fins, we use
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Fig. 2. Sketch of the SC-vehicle design model

the known relations of the linear theory of the supercavitating hydrofoils with a small
aspect ratio [8].

All the calculations were performed for the SC-vehicle design model, which is shown
in Fig. 2. Its main parameters are the following: the length L = 6.0 m, the cylindrical
part diameter D, = 340 mm, the cavitator diameter D,, = 70 mm, the mass m = 600 kg,
the mass center position z. = 3.0 m, the moments of inertia relatively to the model axes
I, = 8.0 kgm?, I, = I, = 900 kg-m?. The vehicle has the aft tube with the length 1.0 m
and diameter 200 mm, where a nozzle of a rocket or hydrojet engine is located in practice.

The starting parameters of the model motion in the cruise phase are the following: veloc-
ity V=120 m/s, depth H = 10 m. In this case the cavitation number is o = 0.02, the cavity
length is L. = 6.565 m, the volumetric gas supply rate into the cavity is Q;, = 72.125 1/s.
The balanced values of the parameters in the model without fins steady-state motion in the
planing in a cavity mode are the following: the cavitator inclination angle §, = —5.774°, the
pitch angle ¢ = 0.371°, the propulsor thrust F,, = 23.219 kN.

The model may have a pair of identical vertical fins 1, pair of identical horizontal fins 2,
and the bottom roll fin 3. All the fins have a rectilinear shape in plan and a wedge shape
in cross section (see Fig. 3). Here, ¢; is the fin chord; hy is the fin span; §; is the wedge
semiangle in the fin section; d; is the fin deflection angle; oy is the fin effective angle of
attack. Axes of both the flow coordinates Oxyypzo and the body coordinates Ox,y,2; are
shown in Fig. 3 for the vertical fin case. Real position and dimensions of the fins are given
in Table 1.

The vertical fins 1 are intended for the SC-vehicle course maneuvering by deflection on
the angle 6, (see Fig. 3). The horizontal fins 2 are intended for balancing the SC-vehicle by
deflection on the angle d4,. The roll fin 3 is intended for regulating the vehicle roll angle 0
by deflection on the angle d.

3. FEATURES OF CONTROL OF SC-VEHICLE MOTION

A course maneuverability of an underwater vehicle is its ability to move with a specified
radius of a turning circle r in the horizontal plane. A simple analysis shows that the high-
speed SC-vehicles can turn with a minimal radius being (2...3) orders larger than in the
continuous flow, because surfaces of the vehicle contact with water are small [5]. As was
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Fig. 3. Scheme of the SC-vehicle fin:

a — side view, b — cross section

Table 1. Position and dimensions of the design model fins

’ Fins ‘ Ty, M ‘ cf, Mm ‘ Iy, mm ‘ B,°
horizontal | 4.80 100.0 130.0 3.0
vertical 2.30 100.0 130.0 3.0
roll fin 4.94 50.0 80.0 3.0

shown in work [16], possibility of the SC-vehicle course maneuvering is additionally limited
owing to the cavity deformation and, as a consequence, the vehicle wetting. A simple method
of estimation of the minimal radius of a turning circle for the SC-vehicle with a disk cavitator
is given in [16].

The analysis has shown that the most effective operating control for the SC-vehicle motion
is the cavitator (d-control). However, the d-control is often insufficient to attain admissible
according to [16] radii of a turning circle, because the cavitator inclination angle is limited
by a some maximal value d,,,.. In addition, the cavitator is usually used as an operating
control of an automatic system of the motion depth stabilization [2,6]. Therefore, in practice
one has to use the hydrodynamic cavity-piercing fins (f-control) for the SC-vehicle course
maneuvering.

The SC-vehicle maneuvering with the help of f-control is associated with a significant
increase in the motion drag. In the case of high-speed SC-vehicles, the cavity-piercing fins
are flown in the supercavitation regime. In this case the efficiency of such an operating
control is decreased in comparison with the case of the continuous flow. In addition, the
stepwise changing the transversal forces accompanied by a hysteresis effect may occur when
varying the fin effective angle of attack ay (see [17]).

Since the transversal forces on fins of each pair are usually different owing to the cavity
asymmetry, the total axial moment arises:

My, = Fpayur — Forlor + Frozn — Frizn, (1)

where 4,1, Y2, 2n1, 2n2 are distances from the points of the transversal force application
(Fy1, Fyo on the vertical fins, Fyy, Fjo on the horizontal fins, respectively) up to the vehicle
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longitudinal axis. Here, index 1 is related to both the lower vertical fin and the left horizontal
fin, index 2 is related to both the upper vertical fin and the right horizontal fin. The moment
My, leads to increasing the vehicle roll angle ¢ and, hence, to unfavorable changing the
control force direction. Indeed, the horizontal projections of the forces acting on the vertical
fins are decreased with increasing the roll angle. Hence, the f-controlled SC-vehicle motion
must be stabilized not only on depth, but on the roll as well.

It was shown in work [8] that the frontal location of the vertical fins (the “duck” scheme)
is the most effective for the SC-vehicle course maneuvering. When displacing the vertical
fins to the aft, their efficiency is decreased approximately by a linear law. The traditional
for surface ships and submarines aft location of fins is unacceptable for the SC-vehicle course
maneuvering.

The method of n-control by deflection of the propulsor thrust vector is commonly used
in aviation and rocketry. But as applied to the SC-vehicle motion n-control is equivalent to
the f-control with the aft fins from a hydrodynamic point of view, i.e., it is unacceptable.

4. ROLL STABILIZATION OF SC-VEHICLE MOTION

As was said above, the roll stabilization must be ensured when the f-controlled SC-vehicle
course maneuvering. The SC-vehicle roll stabilization may be realized by both the passive
methods and the active methods. The passive hydrostatic stabilization of the zero roll angle
is realized if the vehicle has the metacentric height (as for surface ships and submarines).
The metacentric height hj, is a distance between a center of the vehicle cross section and of
the vehicle mass center. If the vehicle mass center is lower than the cross section center on
the value hjs, then the restoring moment relatively to the vehicle longitudinal axis occurs
with the vehicle roll on the angle 6:

Mgy, = —hymgcossin, (2)

where 1) is the model pitch angle. As a result, the vehicle will make low-frequency oscillation
on roll about the value § = 0 during motion. In other words, the vehicle is statically stable
relatively perturbations of the zero roll angle when hj; > 0.

In practice, as applied to the SC-vehicles, the efficiency of the passive hydrostatic roll
stabilization is limited because the really achievable values of hj; are small. A method of the
passive hydrodynamic roll stabilization with the help of a V-shaped system of cavity-piercing
fins is known as well [18]. The fin parameters are selected in such a way that the fins create
a total restoring axial moment with the vehicle roll.

We propose a method of active hydrodynamic stabilization of the specified roll angle of
the SC-vehicle with the help of a special roll fin. The roll fin 3 is located in the vehicle
bottom tail part in the zone of the vehicle planing along the lower cavity wall (see Fig. 2).
Dimensions of the roll fin may be essentially smaller than dimensions of the vertical fin 1,
because it serves not to create the transversal force, as at the f-control, but only to create
an axial moment. The law for the automatic system of error-closing regulating the angle of
the roll fin deflection é4, for maintenance of the roll angle 6 = 6, is set in the form of the
“plain autopilot” [2]:

5fb(t) = —Ul[(g(t — tl) — 92] — Uwa(t — tl), (3)
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Fig. 4. Operation of the automatic system of the zero roll angle stabilization:
a — dependence d7,(t), b — dependence 6(t)

where u; > 0, uy > 0 are the feedback coefficients (transfer ratios); ¢; is the lag time of the
actuator operation; w, is the angular velocity relatively to the vehicle longitudinal axis. In
this case the design restriction for varying the roll fin deflection angle has to been introduced:

16p6(t)] < g1, t > theg, (4)

where t = tj, is time of beginning of the f-stabilization system operation.

Fig. 4 shows an example of operation of the automatic system of stabilizing the zero roll
angle at computer simulation of the f-controlled SC-vehicle course maneuvering. Graphs
of varying the roll fin deflection angle éf, (Fig. 4a) and corresponding attained magnitudes
of the roll angles § (Fig. 4b) on the starting interval 0 < ¢t < 5.0 s are given in Fig. 4.
The calculations were performed for the following control parameters: d¢, = 5.0°, u; = 0.1,
ug = 0.3, dpp1 = 10.0°.

As can be seen, both the functions df,(¢) and (t) take the form of steady quasiperiodic
oscillation with the fundamental frequency 6.80 Hz on completion of the transient process. In
this eample, the following maneuver parameters were attained: x = 7.645°/s, r = 0.888 km.
Here x is the speed of varying the path angle xy = ¢ — ; r is the radius of a turning circle:

. d V
X:Vd_;(’ r=—, (5)

where @ is the yaw angle; [ is the sliding angle; s is the angular position of the vehicle mass
center along the path.

We note for comparison, that when the #-stabilization of the zero roll angle was absent in
this example, the motion of the model lasted for only 0.3 s, after that the model was wetted.
In this case the model roll angle was 6§ = 140° at the time t = 0.3 s.

5. COURSE ¢-CONTROL OF SC-VEHICLE MOTION

The method of #-control of the SC-vehicle motion on course is based on that the effective
angle of the cavitator inclination in the horizontal plane ¢, is changed with varying the
SC-vehicle roll angle 6. Hence, projections of vector of the force acting onto the cavitator
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are changed too. Indeed, the vehicle roll on the angle 6 with preliminary inclination of
the cavitator in the diametral plane Ozyy; on the angle 0’ is equivalent to the cavitator
inclination in the two transversely-spaced planes on the angles d, and J, when 6 = 0. The
angles ¢, 6, 0., and d, are linked by relations:

_ tgdl
A

(6)

tgd;
tgd, = p—t tg o,
The cavitator inclination on the angle J, creates the transversal component of the force
F,. [5]. Thus, the cavitator is the real active operating control at the #-control of the SC-
vehicle motion. Therefore, the -control is as effective as the -control. The required vehicle
roll angle 05 # 0 is attained with the help of the special roll fin 3 (see Fig. 2). To solve a
problem of setting and further maintenancing of the required roll angle 65, we proposed to
use the following algorithm which is analogous to the “reverse of rudder” algorithm when
turning surface ships.

1. Tt is supposed that the roll fin is absent on time interval 0 < t < #j;, and the model
moves without roll: § =0, w, = 0.

2. The roll fin is deflected on the specified angle dy, at the time ¢ = tj.4. After that both
the model roll angle # and the angular velocity w, begin to increase.

3. The angle of the roll fin deflection is reversed at the time when 6 = 6,/2, where 6, is
the some test roll angle. As a result, the angular velocity w, begins to decrease, but
the model roll angle 6 continues to increase.

4. At the time when w, = 0 (in this case the roll angle possesses the value § = 65) the
roll fin angle deflection is set to zero, and then the automatic system of the roll angle
6, stabilization (3) is activated.

We note that presence of the metacentric height hy; > 0 plays a negative role when using
the #-control of the SC-vehicle motion. Indeed, when the required roll angle 5 is stabilized
by the automatic control system (3), it must permanently overcome the axial moment (2)
tending to set the roll angle 6 = 0.

Fig. 5 shows an example of calculating the process of setting and automatic #-stabilization
of the specified roll angle 6, = 15.0° for the SC-vehicle without vertical fins. The calculation
was performed for the following parameters: ¢ = 17.6°, tyey = 1.0 s, u; = 0.1, uy = 0.3,
dpp1 = 10.0°. A graph of the dependence d,(t) is given in Fig. 5a, a graph of corresponding
variation of the model roll angle (¢) is given in Fig. 5b.

Table 2 gives results of calculation of the average speed of the model course turning y
and the radius of a turning circle r for a number of the roll angles #. The calculation for each
column of Table 2 were performed for fixed magnitude of the roll angle 6 on the distance
1.0 km when z. = 2.5 m and h; = 0.

Fig. 6 shows the calculated path configurations of the model mass center (projections
onto the horizontal plane) at the #-control for a number of the regulated roll angles 6, on
the distance 4.0 km. Comparison with [5] shows that the #-control of the SC-vehicle motion
for its course maneuvering is quite as effective as the d-control.
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Fig. 5. Operation of the automatic system of setting and stabilizing the specified roll angle:
a — dependence 07,(t), b — dependence 6(t)

Table 2. Dependence of speed of the SC-model turning and radius

of a turning circle on the roll angle

L 0° [0 ] 20 50 [ 10.0 [ 20.0 | 300 | 400 |
X.°/s [ 0 [ —0417] —0.743 [ —0.849 [ —1.715 | —2.711 | —3.942
r,km[oo| 375 | 165 [ 809 [ 401 | 254 | 1.74

Fig. 6. Path configurations of the #-controlled SC-model:
1 —05=06.61°, 2 — 0y =20.85°, 3 — 0y = 44.24°
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6. SC-VEHICLE BALANCING WITH FINS

Let us consider the SC-vehicle motion mode, when a pair of horizontal cavity-piercing
fins is used for full or partial compensation of the vehicle weight Fy (see Fig. 1b).

The SC-vehicle steady-state longitudinal motion is considered as balanced if a sum of
all the forces acting, and a sum of their moments relatively to the model mass center are
equal to zero. To determine balanced values of the parameters, we use the numerical method
described in work [14]. In this case, the cavitator force F,, the horizontal fin force F' ¥, the
planing force ﬁs, the propulsor thrust ﬁpr, and the body weight F, act onto the vehicle. A
set of equations of the SC-vehicle balance in projections onto the body coordinates has the

form:
Frg + Fop + Fry + Fysiny — F, cosn, = 0,

Foy+ Fyy + Fyy + Fycosy — Fp, sinn, = 0, (7)

M,. + M, + My, + F,, sinn,(L —z.) =0,

where 7, is the thrust vector deflection; M,,, = —Fy,x.; My, = Fyy(xs—x.); My, = Fpy(xy—
T.); Ts, T are the points of application of the forces F; and FYy, respectively. Eliminating
F,. from equations (7), we obtain a set of two equations with four unknowns:

F1(5Z76fh77727¢> :07 F2(6Z75fh7n27w>20' (8)

Fixing any two of the four angles 0., d¢4, 1., ¥, one can determine from it the balanced
values of two other angles with the help of the Newton’s iteration algorithm [14].

Fig. 7 shows character of influence of both the mass center position Z. = z./L and the
horizontal fin position Zs, = xs,/L onto the balanced parameters of the model with the
specified mass m. Graphs of dependence of the balanced values d, and ds, on Z. are given
in Fig. 7a for fixed n, = 0, v» = 0, Zy, = 0.8. Graphs of dependence of the balanced values
0. and dsp, on Ty, are given in Fig. 7b for fixed n, =0, ¢ =0, . = 0.5.

We note that the problem of balancing the SC-vehicle with horizontal fins may not have
a solution for the specified vehicle mass m and admissible ranges of varying the parameters

_15 [ 1 1 I I I 1 I I L 1 I I I 1 I _10 L 1 1 1 1 1 1 1 L 1 I I I 1

Fig. 7. Balanced angles 4, and df, when n, =0, ¢ = 0:

a — dependence on Z., b — dependence on Z
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Zey Th, 0zy Ofn, 12, Y. Also, it may have an ambiguous solution caused by nonmonotonic
dependence cg,(0sy,) for SC-fins having a wedge-shaped cross section [17]. So, in the case
of Iig. 7b the SC-model may not be balanced when s, < 0.204, and it has two balanced
values dy;, for each 0.572 < z4, < 0.789.

7. DYNAMICS OF SC-VEHICLE BALANCED WITH FINS

Computer simulation allows a difference in dynamic behavior of the SC-vehicle to be
shown, which was balanced in the planing in a cavity mode (see Fig. la), in the planing
avoidance mode (see Fig. 1b), and in the combined mode.

As is known, the longitudinal motion of the SC-vehicle without fins in the planing in
a cavity mode is unstable “in the small”. In this case the stability loss occurs in a “soft”
oscillatory manner, and increasing the model angular oscillation amplitude is limited by
interaction between the model and the cavity walls. In this case to prevent increasing the
vehicle mass center deflection from the horizontal path y one should apply the automatic
d-stabilization of motion on depth, which makes the motion global stable [2,6].

On the contrary, computer simulation showed that the motion of the SC-model with
the horizontal fins in the planing avoidance mode is stable “in the small”. In this case an
allowable range of deflections of the pitch angle ¢ from its balanced value exists when the
solution fast tends to the balanced one.

In the combined mode, i.e., if both the horizontal fins and the model planing in a cavity
are presented, computer simulation shows the complex SC-model dynamics which essentially
depends on the starting values of the parameters. In this case, it turned out that the balanced
pitch angle ¢ and, hence, the model tail edge immersion in water h have a basic importance.
As calculation showed, the horizontal fins may play a damping role for relatively great value
of h, suppressing the motion instability “in the small”.

Fig. 8 gives a comparison of graphs of dependence v(5) in the combined mode of the SC-
model motion for two starting values 1)y = 0.4 and ¥y = 0.5. The graphs have the following
nomenclature: § = s/L is the distance along the path; y = y/L is the deflection of the model
mass center from the horizontal path; magnitudes of the angle ¢ are plotted in degrees. It

W

Fig. 8. Dynamics of the SC-model balanced in the combined mode:
a—won.él, b*¢0:0.5
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Table 3. Effect of starting balancing on maneuverability of the f-controlled SC-model

[ No. | 1 2 3 1 5 6 7 8
Yo, | 0.371 0 0.1 02 | 03 | 04 [ 05 0.6
ho, mm | 1.07 376 | 12.98 | 2323
3sny 1130 | 0930 | 0.730 | 0530 | —4.123 | —9.750 | —13.072
X.°/s | —4.942 | —10.693 | —8.468 | —5.307 | —5.076 | —3.085 | —3.034 | —2.764
r,km | 1.383 | 0.642 | 0.810 | 1201 | 1.348 | 2.208 | 2254 | 2433

was accepted in the calculation that 7. = 0.5, zs, = 0.8.

In case Fig. 8a the model was balanced at the following parameters: ¢ = 0.4, n, = 0,
0, = —5.948°%, dp, = —4.138°, F),, = 23.896 KN. As can be seen, in this case the dynamic
behavior of the SC-model is quite similar to the case of motion in the planing in a cavity
mode without fins [6]. After loss of stability “in the small”, the model performs angular
oscillation with the frequency 7.8 Hz. It reaches the free water surface after 5.1 s.

In case Fig. 8b the model was balanced at the following parameters: ¢ = 0.5, n, = 0,
0, = —5.642°, 6y, = —9.756°, F,, = 25.656 KN. As can be seen, in this case high-frequency
angular oscillation of the model does not arise. However, after a long time interval the motion
loses the global stability. In both the cases, using the depth d-stabilization of motion [6]
makes it stable in global.

A question about the effect of starting balancing the f-controlled SC-vehicle on its course
maneuverability is of interest. Table 3 gives results of calculation of the SC-model motion
after distance 1 km when 44, = —5° for a number of the starting balanced pitch angles .
The fin parameters are given in Table 1. When calculation both the roll #-stabilization of
motion (3) and the depth J-stabilization of motion [6] were activated.

In Table 3, the balanced values of both the model aft edge immersion in water hg and the
horizontal fin deflection angle d¢,, average values of the model turning speed x, and average
values of the radius of a turning circle r are given. The column 1 of the table corresponds
to the case of the planing in a cavity mode without horizontal fins. The columns 2 to 5
correspond to the case of starting balancing in the planing avoidance mode. The columns 6
to 8 correspond to the case of starting balancing in the combined mode.

As can be seen, the SC-vehicle course maneuverability is maximal at the starting balanc-
ing in the planing avoidance mode, but it dramatically deteriorates at the starting balancing
in the combined mode.

8. CONCLUSIONS

A method of active roll stabilization of the SC-vehicle motion with the help of both
the bottom roll fin and the automatic error-closing control system has been devised. It
was shown that the stabilization of the zero roll angle is necessary when the f-controlled
SC-vehicle course maneuvering. The same method can be used for the course #-control
of the SC-vehicle motion by setting the specified roll angle 65 and the further automatic
f-stabilization of this roll angle.

366



ISSN 2616-6135. I'IV/IPOJIMHAMIKA I AKYCTHUKA. 2018. Tom 1(91), Ne 2. C. 355-371.

Since the active operating control at the #-control of the SC-vehicle motion is the cavita-
tor, the #-control has the same advantages and limitations as the d-control [16]. As a result
of the comparative analysis of the advantages and disadvantages of each of the four methods
of course controlling the SC-vehicle motion, it can be concluded that the proposed #-control
method is optimal within its efficiency.

A method of determination of the balanced motion parameters (balancing) of the SC-
vehicle in the case, when a pair of identical horizontal cavity-piercing fins is used for full or
partial compensation of the vehicle weight, has been devised.

It was shown that the longitudinal motion of the balanced with the horizontal fins SC-
vehicle in the planing avoidance mode is stable “in the small”. In the combined mode, i.e.,
if both the horizontal fins and the planing of the model body in a cavity are presented,
the computer simulation shows the complex SC-vehicle dynamic behaviour which essentially
depends on the starting value of the pitch angle 1. For relatively big values of ¥ the horizontal
fins may play a damping role, suppressing the SC-vehicle motion instability “in the small”.
However, after a long time interval motion loses the global stability.

In all the examined cases, activation of the automatic depth J-stabilization [6] makes the
SC-vehicle motion stable in global. It was shown that the f-controlled SC-vehicle course
maneuverability is maximal at the starting balancing in the planing avoidance mode, but it
dramatically deteriorates at the starting balancing in the combined mode.
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B. M. Cemenenko, O. I. HaymoBa
Jlesiki crtocobu 3acTocyBaHHsI TiAPOJMHAMIYHOTO PYyJisi
JiJIsi CyNepKaBiTyIO4YnX MiJIBOAHUX arapariB

PosriisnyTo nBa HeTpaauiiiiHi crrocodu 3acTOCYBaHHS TiIPOJIUHAMITHUX PYJIiB IIPU PyCi
BHUCOKOIIIBUJIKICHUX TiIBOIHAX CyIEPKaBITYIOUnX amapariB. Po3pobieno MeTos akTHB-
HOI crabimizamil pyXy CylIepKaBiTyHOUoro anapaTy 3a KPEHOM i MeTOJ, KepyBaHHs io-
IO PYXOM 3a KyPCOM IIJISIXOM Pery/JTIOBaHHS KyTa KpPeHY 34 JOMOMOTOI CIEIiaJIbHOTO
pyJisi KpeHy #i aBTOMaTUYHOI CHCTEMHU KepyBaHHs 31 3BOpoTHUM 3B’sizkoM. Hapejeno
MPUKJIAH KOMII' IOTEPHOTO MOJIETIOBAHHS MaHEBPYBAHHS CyIEPKABITYIOUOTO amapary
3a KypPCOM IIPU KePYBaHHI 3 JIOMTOMOTOI0 BEPTUKAJIBHUX TiIPOANHAMIYHIX PYJIiB 31 cTa-
Oiizalfiero HyJILOBOIO KyTa KPEHY 1 ILISXOM PEeryJioBaHHs KyTa KpeHy. Po3pobieno
METOJI 3HAXO/[?)KEHHsI PIBHOBasKHUX 3HAYEHb HapaMeTpiB pyxy (bajaHcyBaHHsI) Cyrep-
KaBITYIOYOTO anapaTy y BUIAJKY, KO JIJI IIOBHOI Y1 YacTKOBOI KOMIIEHCAITIT Ioro Baru
BUKOPHUCTOBYETHCS ITapa OTHAKOBUX I'OPU30HTAIBLHUX PYIIB, SIKi MPOHUKAIOTH 3 KaBep-
uu y Boay. HaBemeno npukjiam KOMIT I0TEPHOTO MOJIEJIIOBAHHS PYXY CYIIEPKaBiTyIOUOro
arapary 3 TOPU30HTAJILHUME PYJISIMHU B PeXKUMi 0€3 TUIICYBAHHS 1 B 3MIIIIAHOMY PEXKHMI.
[Tokazamo, mo ycrajaeHuii MO3710BXKHil pyX 30a7JaHCOBAHOTO CYIEPKABITYIOUOro amapa-
Ty 0e3 riicyBaHHs, Ha BiMiHy Bi HOro pyxy B pPeKUMi IVIiCyBaHHs B KABEPHI, € CTIfiKuM
«B MaJIOMY». BCTaHOBJIEHO, IO B 3MIIMIAHOMY PEXKUMi PyXy FOPU30HTAIBHI DYl MOXKYTh
rpatu aeMIyody posib, IPUTHIIYIOUN HECTIMNKICTD PyXy amapaTy «B MAJOMY», OJHAK
Ha BEJIMKOMY IHTEpBaJIi 4acy PyX BTpadae CTifikicThb B mimomy. MomemoBanHs mokas3a-
JIO, IO 3aCTOCYBAHHS aBTOMATHYHO! cTabiiizallil pyxy 110 rJnOuHI y BCiX PO3IVISHYTUX
BHUIIQKAX poOUTDH foro crifikum B mijomy. ITokaszano TakoXK, M0 KypcoBa MAHEBPEHICTD
TAKOT'0 alapaTy IpU KepyBaHHI 3a JOIOMOTOI0 BEPTUKAJIBHUX PYJ/IIB MaKCUMaJbHA IIPU
[TOYATKOBOMY OajlaHCyBaHHI B peKuMi 0e3 TICyBaHHsS, aje PI3KO IMOTIPIIyeThCs MpH
IIOYATKOBOMY Oa/IaHCYBAHHI B 3MIINTAHOMY PEXKUMI.

KJIFOYOBI CJIOBA: cynepkagiTyfounii aiapart, KepyBaHHS, MAHEBDYBAHHSI, PYJii, KDEH,
KOMII ' FOTEpHE MOAETIOBAHHST

B. H. Cemenenko, O. 1. HaymoBa
HexkoTopsbie citocobbl mpuMeHeHUs TMAPOANHAMUYECKOTO PYJis
JJIsT CyIePKABAUTUPYIOIINX MOABOAHBIX aMliapaToB

PaccmoTpenb! iBa HETPAJAUITMOHHBIX CIIOC00a MTPUMEHEHUSI THAPOJINHAMUICCKUX PyJIeit
TIPU IBUZKEHNN BBICOKOCKOPOCTHBIX ITOJABOHBIX CYMEPKABUTUPYIONINX ammapaTos. Pasz-
paboTaH MeTOJI aKTHUBHON CTaOMIN3AINH JBUKEHUS CYyHEPKABUTHUPYIOIIETO alllapaTa
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10 KPEHY W METOJI YIPABJIEHUS €0 JBMKEHUEM II0 KypCy IyTeM peryJnpoBaHUs YIJia
KpEHa C IOMOIIBIO CIIEIUAJIbHOIO PYJid KpeHa W aBTOMATHYECKON CHUCTEMBI ylIpaBile-
Hus ¢ oOpaTHOil cBaA3bio. [IpuBe/ieHbl MpUMEPbI KOMITBIOTEPHOI'O MOICIUPOBAHUS Ma-
HEBPUPOBaHUS CyIIEPKaABUTUPYIOIIEIO allllapaTa 10 KypCy IIPU YIIPABJICHUU C IIOMOIIBIO
BEPTUKAJBHBIX TUJIPOINHAMUYECKUX PyJieil co crabuim3alueil HyJIeBOTO YIJia KpeHa
U IIyTeM peryJimpoBaHus yria Kpena. Pazpaboran MeToj| HAXOXK/EHUS PABHOBECHBIX
3HAYEHUil ITapaMeTpoB JBHXKeHUs (OaJaHCUPOBKH) CyIIEPKABUTUPYIONIErO alapara B
cilydae, KOorJia Jijid IIOJIHOM MJIM 4aCcTUYIHOI KOMIIEHCAIIMU ero Beca HCIIOJIb3yeTcsd I1apa
OJIMHAKOBBIX T'OPU30HTAJIBHBIX PYJIel, MPOHUKAIONINX U3 KaBepHbI B Boay. [IpuBenensr
IIPUMEPBI KOMIIBIOTEPHOI'O MOJEINPOBAHUSA JBUKCHIA CYIIEPKaBUTUPYIOIIETO allllapaTa
C TOPU30HTAJILHBIMU PYJIsIMUA B peKUMe 0e3 IJINCCUPOBAHUSI U B CMEIIAHHOM PEXKHUME.
[Tokazamo, 4TO yCcTaHOBHUBIIEECS MPOIOJHHOE IBIMKEHHE COAJIAHCHPOBAHHOIO CyIEPKa-
BUTHUPYIOIIErO armapara 0e3 TVINCCUPOBAHUS, B OTJUYUE OT €ro JIBUXKCHUS B DPEXKHU-
Me IJINCCUPOBAaHUs B KaBEPHE, sIBJISIETCS YCTOMYIUBBIM «B MaJjiOM». YCTAHOBJIEHO, UTO B
CMEITIAHHOM PEXKUME JIBU2KEHUsI TOPU30HTAJIHHBIE PYJIH MOTYT UI'PATh AeMI(MUPYIOITY IO
POJIb, TI0JIaBJIsI HEYCTOMINBOCTD JIBUYKEHUSI allllapaTa «B MaJIOM», OJHAKO Ha OOJILIIIOM
WHTEePBaJIe BPEMEHU IBIXKEHNE TepsieT YCTOWIMBOCTL B mesoM. MoernpoBanne moka-
3aJ10, YTO MMPUMEHEHNE aBTOMATUIECKON CTaOMIN3AINY JBUKEHUS 110 TJIyOMHE BO BCEX
PaCCMOTPEHHBIX CJIydasx JeIaeT ero ycToiduBbIM B 1iesioM. [lokazano Takke, 9410 Kyp-
COBasl MAHEBPEHHOCTh TAaKOI'O allllapaTa IIPU YIPAaBJEHUHU C IIOMOIIBIO BEPTUKAJIHHBIX
pyJieli MakCUMaJibHa IIPU HAYAJIbHON OaJIAHCUPOBKE B pekuMe 0e3 IVIMCCUPOBAHMS, HO
PE3KO YXYJIIAETCs IIPU HAYAJIbHON OaJIAHCHPOBKE B CMEITAHHOM DPEXKUME.

KJIFOYEBBIE CJIOBA: cynepkaBUTHDYIOLIHE AIIIApAT, YIIpaBJIeHHE, MaHEBPHPOBA-
HHe, PYJIH, KPEH, KOMIIbIOTEPHOE MOJIEIUPOBAHHE
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