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Studies on Fixed-depth Control of
Supercavitating Vehicles
LI Dai-Jin' LUO Kai' ZHANG Yu-Wen' DANG Jian-Jun'
Abstract A supercavitating vehicle is a complex high-speed underwater body that is exposed to extreme operating conditions

due to its speed. To successfully control the depth and attitude, it is necessary to study the motion characteristics of the vehicles
on a vertical plane. This study investigates the motion model on the vertical plane and analyzes the dynamic characteristics of
supercavitating vehicles. Then, a fixed-depth control method is developed. For validating the designed control-algorithm, related
simulation and experiments have been carried out for the control system. Analytical results show that the proposed control system
accomplishes precise depth control of the supercavitating vehicles, providing a necessary theoretical basis for further study of the

dynamic control problem for underwater supercavitating vehicles.
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When underwater vehicles such as torpedoes and sub-
marines move through water at a sufficiently high speed,
the fluid pressure drops locally below the level that sustains
the liquid phase and a low-density gaseous cavity forms.
Flows exhibiting cavities entirely enveloping the moving
body are called “supercavitating”[l]. A schematic diagram
of a supercavitating torpedom is shown in Fig. 1.
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Fig.1 Schematic diagram of a supercavitating torpedol?!
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In supercavitating flows, the liquid phase does not con-
tact the moving body over most of its length, thus making
the skin drag almost negligible. Several new and projected
supercavitating underwater vehicles exploit supercavitation
as a means to achieve extremely high submerged speeds
and low drag[4]. The size of existing or notional supercav-
itating high-speed bodies ranges from that of a projectile
to that of a heavyweight full-scale torpedol®. Although
extensive efforts have been devoted in the past to the anal-
ysis of the fluid dynamic characteristics of supercavitating
vehicles[ﬁ], very little research has been dedicated so far to
the evaluation of the fixed-depth control of slender elas-
tic bodies traveling underwater at high speed in supercav-
itating regimes. Many of the previous and current studies
on guidance, control, and stability have considered super-
cavitating vehicles as rigid bodies"™%, while scarcely any
have addressed the hydrodynamic characteristics of the wa-
ter/cavity system?l.

The small wetted-surface area results in a significant re-
duction of drag. The vehicle may be controlled through a
combination of the deflection of the cavitator and control
surface, and planning. The control of these bodies presents
a number of significant challenges. Depending on the shape
of the cavitator, and the size, and immersion of the control
surfaces, the body may be inherently stable or unstable. If
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the body is unstable, active control of the cavitator or con-
trol surface in the aft of the vehicle is required to achieve
stabilitym. Even if the body is designed to be stable, it
is not guaranteed that the vehicle will be stable when in
contact with the cavity. Since the cavity wall causes a
very large restoring force and the time that the vehicle is
in contact with the cavity wall is very short, suppressing
these contacts requires very high performance actuators.

The goal of this paper is to investigate the dynamic char-
acteristics of supercavitating bodies, and then to present a
fixed-depth control method. The paper is organized as fol-
lows. Section 1 outlines the formulation for the motion for
the longitudinal or pitch-plane dynamic model. Section 2
describes the considered motion characteristic forces and
summarizes the principles of fixed-depth control theory for
analysis of the motion stability. Section 3 presents a con-
trol algorithm for supercavitating vehicles. Section 4 gives
numerical simulation results, and Section 5 carries out ex-
periments for validating the control algorithm, while Sec-
tion 6 summarizes the main results of the work and gives
recommendations for future research.

1 A hydrodynamic and longitudinal
kinematics model for a supercavitat-
ing vehicle

Although low speed is advantageous for cybernatic and
hydrodynamic efficiency, the achievement of high speed for
underwater vehicles and projectiles cannot be obtained us-
ing conventional hydrodynamics. As a first approximation,
underwater supercavitating vehicles can be considered as
slender elastic bodies!'!. The nature of the forces acting
on a supercavitating vehicle is very complex and still un-
der extensive experimental and numerical investigations.
A schematic of the torpedo’s configuration and the applied
forces is given in Fig. 2. The body is acted upon by a system
of forces corresponding to the interaction of the vehicle’s
control surfaces with the cavity boundaries*l. The con-
trol surfaces include the fins at the back of the vehicle and
the cavitator, whose primary function is the generation of
the supercavity. They support the vehicle in the vertical
direction by providing lift and allow maneuvering according
to assigned flight paths. Finally, the vehicle’s motion is sus-
tained by a propulsion force. The vehicle interacts with the
liquid phase through its front surface (nose or cavitator),
beyond which the cavity is formed. The force generated
on the cavitator through its interaction with water can be
used for controlling the vehicle by orienting the cavitator
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at an appropriate angle 5. The drag force experienced by
the vehicle during its forward motion is given by[lz]

fiv = 3pAcCn(o,0)V o

where p is the density of the fluid (water), Ac¢ is the cross-
section area of the cavitator, and V is the velocity of for-
ward motion of the body. Cp(c,0) is the cavitator drag
coefficient at zero angle of attack, and o is the cavitation
number, which is given bym]

P — P,
S . (2)
5PUN

where P, P. are, respectively, the ambient fluid pressure
and the vapor pressure in the cavity, vy is the magnitude of
the vehicle velocity at the nose, and p is the fluid (water)
density. The drag coefficient here is taken to be 0.00805

based on empirical datal'¥.

Fig.2 Configuration of a supercavitating torpedo!*!]

The lifting force can be decomposed into three compo-
nents: force caused by asymmetric supercavitating flow
pattern, force acting on the wetted part of the trailing edge,
and force caused by angular velocity wz.

The force caused by asymmetric supercavitating flow
pattern is the main part of the lifting force. Because of
the attack angle an, vehicle axis and supercavitating axis
are not superposed, and supercavitating flow is in the form
of asymmetric flow pattern. The cavity generally surrounds
the entire body but may touch the vehicle near the trailing
edge or be penetrated by control surface, with the posi-
tive attack angle a. Because the vehicle is in a gas-filled
cavity, there is minimal buoyancy and the weight of the ve-
hicle must be supported on the control surfaces and body.
Cavity stability considerations generally require that if the
body does touch the cavity, it should be in the region of
the trailing edge or transom. The vehicle may be controlled
through a combination of the deflection of the cavitator and
control surface and planning.

Since the cavity wall causes a very large restoring force
and the time that the vehicle is in contact with the cavity
wall is very short, suppressing these oscillations requires
very high performance actuators.

To derive the equations of motion, the following assump-
tions are made:

1) The motion of the projectile is confined to a plane;

2) The effect of rolling angular is negligible;

3) The effect of added mass on the dynamics of the pro-
jectile is negligible;

4) The motion of the projectile is not influenced by the
presence of gas, water vapor, or water drops in the cavity;

5) The velocity and cavitation number are confined to
fixed values.

The supercavitating vehicle’s longitudinal plane kine-
matics equation makes up the system model['?:

mv® = A% + A% + A%w, — G (3)
Joi, = M%+ M%a+ M, (4)
0= w, (5)

Y =00 (6)

O=0—-a« (7)

where m is the mass of the vehicle, © is the obliquity of
the trajectory, 0 is the pitch attitude, and J, is the moment
of inertia about z axis. The combined coefficients A%, A%,
A¥ M2 M*, and M* are given by

AL = 0.5CH (0, an)pAav® (8)

A% = 0.5C% (0, an ) pApv? 9)

AY = 0.5C5 (0, an)pAyw® (10)

M* = 0500 AgLm (11)
0.5pv2 Ay Lmis, la| < as

" = (12)
0.500% Ay Lm§g, |a| > as

M® = 0.5m¢ pAyL*v (13)

In (3) and (4), balanceable angle of attack and balance-
able rudder angle can be obtained as follows:

GM?

@o = AaMd?AdMa (14)
GM*

dO - _AaMd — AdM o (15)

Generally speaking, M < should be fixed under the con-
dition of |a| < as. Because damping derivatives mg; is
negative near by «o, the vehicle is statically stable. Al-
though |a] > ag (For example, the control system of the
vehicle dose not work.), mg, would become a positive num-
ber. The angle of attack decreases monotonously. So the
academic minimum d is given by (4).

The angle of nose rudder d should be concerned.

@

Ma

min = — la| > as (16)

It is necessary to investigate the motion characteristics
under the condition of |a| < ag to control the depth and
the attitude.

This part of the paper presents a derivation of a bench-
mark problem for controlling a supercavitating vehicle.
The benchmark problem focuses exclusively on dynamics
of a vehicle, which currently appears to present the most
severe challenges.
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2 Motion characteristics of the vehicles

Under the condition above, the transfer functions of the
system can be obtained as

ofs) = G(s)%
—AlJ. s+ ATM*® — A°M?* + moM*?
d(s) - ) (17)
wx(s) = Gl 3
d aprd _ pdpgra
d(s) - muoM®s + ;(i\f A*M (18)
0(s) :“’fos) (19)
y(s) = 2120 (20)
X(s) = mvJ.s® + (A% J. — muM®)s+
AYM* — AM® — moM*® (21)

In the functions, the importers are not only d but also
G, which is a disturbance quantity.

Although a supercavitating vehicle moves in the cruise
phase, G reduces monotonously with the propellant reduc-
tion. As G has been neglected in [15], the trajectory of the
vehicle slants upward. So the control system in it is not
suitable for a large voyage.

G can be labeled as

G(s) = ;kf (22)
ka =mygg (23)

where g is the acceleration of gravity. In case of a water-
ramjet engine, the fuel tank is pressurized by seawater. And
kc is given by
kg = 1npgPl—P (24)
P
where p is the seawater density and py is the fuel density.

There are two integral actions in the transfer function
channel of y to G and one in 0 to G. 6 and y would change
monotonously to respond to G which should be paid full
attention in order to guarantee system security.

As an example, a small caliber (about 200 mm) super-
cavitating vehicle is analyzed.

There is a pair of negative real part poles in the transfer
function channel of d to a. The unit step response, which is
an insufficient damp oscillation with an overshoot, is pre-
sented in Fig.3. The vehicle gets little added moment of
inertia since a majority of its surface is enveloped by super-
cavitation, which explains the physical phenomenon of the
overshoot. This is the greatest dissimilarity from a fully
wetted underwater vehicle!*4.

In order to avoid the case of |a| > a, the large overshoot
must be considered in control-algorithm design.

There are a pair of negative real part poles and a negative
real zero in the transfer function channel of d to w.. The
unit step response is similar to the channel of «.

There are not only a pair of negative real part poles but
also a negative real zero and a negative real zero-pole in
the transfer function channel of d to 6. Frequency charac-
terization is shown in Fig.4. And root locus is shown in
Fig.5. Frequency curve crosses 0dB line by —20dB/dec.
Both amplitude gain and phase margin are abundant.
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Fig.5 Root locus of pitch attitude

There are not only a pair of negative real part poles
but also a pair of negative real part conjugated zeros and
two zero-poles in the transfer function channel of d to y.
Frequency characterization is shown in Fig.6. And root
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locus is shown in Fig. 7. Frequency curve crosses 0dB line
by —40dB/dec. Root locus curve has branches only in the o "
right half plane. There is a couple of integral actions in the M —(J.s — M) s
forward channel of transfer functions!¢l. lim y(s) = lim (_MkAa - M"Ak_) GY (s) kas _
t—o0 s—0 Mys* + M3s3 + Mas?2 +1 s2 (27)
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Fig.7 Root locus of depth

3 The control-algorithm design

Transfer functions of the control system (containing elec-
tric actuator) can be expressed as

k(s)

Ge) = ) - o)

(25)

where y. is expectant depth. And transfer function of the
closed loop is given as

(s) = ! (s) +
Y= st + Mas® + Mas® +1°°
M* (26)
k Ao _ a Ak Y
(MFAe — M>AF)GY(s) G(s)

M45‘4 —|— M383 + M25‘2 —|— 1

where M is a combinatorial coefficient. 3 is the super-
position output responding to both y. and G. y achieves
no-steady-state error tracking responding to y.. While re-
sponding to G which inputs in form of ramp, the steady-
state error is given as

lim MZke
s—0 (MFA> — M>A*)GY (s) s

Equation (27) tends to infinity, if there is no integral
action in G¥(s). Therefore, there are two choices to control
G¥(s): PI or PID.

By controlling G¥(s) with PI control method, the trans-
fer function contains a negative real zero and a real zero-
pole in the forward channel. Moreover root locus curve
would always have two branches in the right half plane,
which cannot guarantee system security[m,

By controlling G¥(s) with PID control method, the con-
trol algorithm is given as

Gg (S) =kp+T1Tps+ (28)

T[S
where kp is proportional gain, T is differential time, and
T7 is integral time. The transfer function contains a neg-
ative real zero and a pair of real zero-poles in the forward
channel. Root locus curve adjusted is shown in Fig. 8. And
frequency characterization is shown in Fig.9. Amplitude

frequency curve crosses 0dB line by —20dB/dec. Both
amplitude gain and phase margin are abundant.
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Fig.8 Root locus of depth by PID control
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To simplify the system and get better robustness, the
fixed-depth control with limit rudder model should be im-
plemented. From (28), the control algorithm of fixed-depth
can be obtained as

t
ke = ko + Ak - sgn (kpAy +Tpl + Ti / Aydt) (29)
IJo

where k. represents command angle of the head rudder,
ko is balanced angle, Ak is change angle, and Ay is depth
deviation. In order to reduce the depth deviation, the ex-
pectant pitch attitude angle should be set to the estimated
value of the balanced attack angle.

In addition, overshoot of step-response system ¢ is de-
fined because |a| > as is not allowed in the control process.
The restriction of Ak is as follows:

Qs — Qo

A< ——
~ kral + 20

(30)

4 Numerical simulation

The following values have been used in the numerical
simulation:

1) Mass of the vehicle m is 100 kg;

2) Depth of firing beneath the water surface is 2 m;

3) Sailing time is 4s;

4) Shooting speed is 44m/s (¢t = 0);

5) When ¢ = 0.23 s, the vehicle achieves invariable speed
is 203kN;

6) Thrust of solid rocket motor is 25 kN /0.5, and spe-
cific impulse is 220s;

7) Thrust misalignment angle of solid rocket motor is
0.4° (in the horizontal plane);

8) Initial transverse-roll angle is 20°;

9) With indirect fixed-depth control (pitch attitude con-
trol mode);

10) Conversion time of limit rudder angle of the head
rudder is 20 ms;

11) Sampling period of pitch attitude control is 240 ms.

Simulation results of vehicle behavior can be obtained.
The speed and range are shown in Fig.10. And attack
angle and pitch attitude are shown in Fig. 11.
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The results show that pitch attitude increases with time,

but the head rudder controller restrains the tendency of
dive.

The system lag caused by too slow a response of the head
rudder drive machine enlarges the overshoot and dithering.
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5 Experiment

To validate the control-algorithm designed, experiments
have been carried out. Experimental results are shown in
Fig. 12.

The results show that depth of vehicle follows up attack
angle. Action command from the head rudder controller
responds rapidly, which restrains the vehicle to dive.

The system stability has been intensified consumedly.
The security can be ensured. The superiority of the con-
trol method is proved by the experiments. The system
constitution and control algorithm are simple and well im-
plemented.
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Fig.12 Experimental results

6 Conclusion

The conclusion obtained from the above analysis as fol-
lows: 1) The simple control algorithm should be designed
to enlarge the sampling frequency for the stability of super-
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cavitating vehicle motion characteristics on vertical plane;
2) Under the condition of lack of damp, attention should be
paid to that attack angle must not exceed the limit restric-
tions in control process and the control force cannot be too
violent; 3) A good control quality is not easily acquired by
fixed-depth control directly; 4) The lag of system caused
by too slow a response of the head rudder driver enlarges
the regulation overshoot and dithering.

The control algorithm described in this paper has good
robust, capability, and realization. The presented results
are intended to provide design guidelines to help estimat-
ing the motion stability limits for the considered vehicles.
Further investigations on how to construct the basic func-
tions and somewhat simplify the structure of the stabilizing
functions, typically in high-order systems, may be needed
in the future practical applications.
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