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Enhancing the Precision of Artillery Rockets Using Pulsejet Control
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Long- and medium-range artillery rockets are used for indirect fire on distant targets. As they have large impact point
dispersion, they are considered to be area weapons and are fired from multi tube launchers. Achieving high hit
probability requires spending a vast number of rockets. A control system application enables the reduction of their
impact point dispersion and the increase of hit probability. Pulsejet control systems are simple, inexpensive and efficient
enough to achieve the dispersion reduction which justifies their application. This paper presents a simplified control
scheme for artillery rockets named the active damping method which performs a correction of disturbances immediately
after a rocket exits a launcher tube. It is shown that the application of such a control system achieves a significant
dispersion reduction, and that it stands as an efficient method for the reduction of the effect of all disturbances except the

deviation of the rocket motor total impulse.

Key words: rocket artillery, multi tube rocket launcher, rocket projectile, rocket control, rocket guidance, control system,
pulse jet control, precision, error correction, impact point dispersion, effect on the target, Monte Carlo method.

Nomenclature

I.,N-s — single jet impulse
I, kN-s  — total impulse of the main rocket motor
J, kg-m> ~ transversal moment of inertia

Vo
K — command coefficient
Kp — control system gain
K, — feedback constant
L, — transformation matrix
[;,m — distance of pulse jets from the C.G.
my,1/s — dynamic derivative
m..m’'s? —dynamic derivative

w
N — number of pulse jets

I
p.q,r,rad/s —angular rate components

t,s — time

LoinsS — minimum time between two consecutive
pulses

V,m/s — velocity of the rocket

Vies Vi — side wind velocity

w,u — velocity projections on the z and x axes

X;,m — range

z,,1/s — dynamic derivative

o, rad — angle of attack

&,mrad — trust misalignment angle

&p,1ad — pulse activation threshold
®,0,¥,rad —roll, pitch and yaw angles
®,,rad — activation delay

A®D,,rad  —pulsejet roll angle
®,,rad — command angle

77,8 — pulse duration

w, rad/s — angular rate vector
m,,rad/s  —natural frequency
w,.,rad/s — angular rate vector in the Cyz plane
<, — damping ratio
Subscripts

AD — active damping

c — control values

R — reference value

0 — values at the launcher exit
Superscripts

~ — values in the aero-ballistic frame

Introduction

RTILLERY rockets are used in battlefields for indirect

fire on distant targets. As the line of sight is not
available, aiming is performed on the basis of known
coordinates of the launcher and the target. In order to
achieve a long range, the launching is performed at high
elevation angles. A long range, low initial velocity and long
duration of flight make these rockets very sensitive to the
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influence of disturbances on their hit precision. Increasing
the range reduces the precision of artillery rocket systems.
Therefore, they are commonly used as area weapons rather
than precision ones. The efficient covering of a targeted
area requires a large number of rockets launched from
multi-tube launchers. This scenario for artillery rockets
finds its place in modern warfare due to many advantages
over the classic artillery, which are: longer range, high fire
power concentration in a short period of time, low launcher
price and its high mobility. On the other hand, rockets have
a higher price than classic artillery shells, and their
precision is lower.

Modern warfare, however, demands higher precision in
order to avoid or reduce the collateral damage as much as
possible. In addition, there is a requirement for an increased
maximum range in order to gain the tactical advantage.
These two demands are contradictory, as the increase of the
range deteriorates the precision. On the other hand, a
reduction of weapons cost is required. In the case of
artillery rockets, these demands could be met by an increase
of their precision and a reduction of the number of rockets
needed for target destruction. All these demands can be
achieved using guided artillery rockets, or rockets with
enhanced precision. The applied control systems, in these
cases, are required to achieve a dispersion reduction which
economically justifies their application.

Applying control systems on artillery rockets launched
from multi-tube launchers demands the optimization of
their cost, which should correspond to the reduction of the
number of rockets needed for target destruction. Low cost
control systems can be achieved using pulsejets. Such
executive organs consist of a certain number of small rocket
motors, placed on a control ring in the front section of the
rocket. Besides having no moving parts, pulsejet control
systems have very low energy consumption and use very
simple electronics for the activation of control jets. Their
reliability and cost are very advantageous.

Simplified control systems have been considered
recently in a number of scientific papers for the application
on rockets as well as for other types of smart ammunition.
Continuous research and development of micro-electro-
mechanical sensors (MEMS) allows the implementation of
complete sensor systems on low and medium -caliber
projectiles. Significant efforts in the field of control
mechanisms have brought new and innovative solutions.
The considered concepts are pulsejets [1-6], synthetic jets
[7], drag brakes [8,9], deployable pins [10,11], moveable
nose [12], moveable canards [13], dual-spin projectiles
[14,15], ram air deflection [16], and internal translating
mass [17].

The pulsejet application on rockets has been originally
considered by Harkins and Brown [1]. They have proposed
active damping as a dispersion reduction method for 2.75 in
direct fire air to surface rockets, fired from multi tube
launchers. Jitpraphai and Costello [2] have proposed (also
for direct fire rockets) a simplified control system with
pulsejets and the window-based trajectory tracking control
law. Jitpraphai, Burchett and Costello [3] have given a
comparison of different guidance laws in the case of direct
fire rockets and pulsejet control mechanisms. They have
compared window-based trajectory tracking (TT), parabolic
and proportional navigation (PAPNG) and classic
proportional navigation (PN). Gupta, Saxena, Singhal and
Ghosh [4] have extended the study [2] to artillery rockets
fired at low elevations, in which case there is no significant
difference between artillery and direct fire rockets. Fired at

high elevations, artillery rockets have a highly curved and
long trajectory and fly through different atmospheric
conditions, which makes the use of previously described
control laws inefficient. Pavkovi¢, Cuk and Pavi¢ [5] have
suggested a guidance law named the trajectory tracking
with pulse frequency modulation (TT with PFM) which
forms a control signal based on rocket deviation from the
reference trajectory and transforms it into an array of pulses
using pulse frequency modulation. Such a control system is
applicable on artillery rockets fired at high elevations. Cuk,
Pavi¢ and Pavkovi¢ [6] have given a comparison of
different guidance laws for mortar shells with pulsejet
control mechanisms. Mandi¢ [18] has given an algorithm
with the flight path angle control, regardless of the used
control system. The subject of this paper is the application
of the active damping method for the precision enhancing
of artillery rockets.

The Active Damping Method

The basis for this correction method was given by
Harkins and Brown [1], who have considered 2.75 in direct
fire air to surface rockets, fired from multi tube launchers.
They have suggested a simplified control system, based on
pulsejets and rate gyroscopes as feedback sensors. By the
application of such a control system, they have managed to
reduce the impact point dispersion by the factor of 4. In that
case, the deviations of the pitch and yaw rates at the
launcher exit had a much more dominant influence on the
impact point dispersion than the deviation of the rocket
motor total impulse.

In the case of artillery rockets, the situation is
significantly different. The total impulse deviation is by far
the most important factor for the impact point dispersion.
However, a situation could be different again. The total
impulse of the main rocket motor is the parameter
controlled through the production process as the amount of
rocket propellants. Various methods, such as the production
of the charge in segments and their pairing as well as the
division of the produced rockets in different weight classes
could produce a significant reduction in total impulse
deviation within a single production batch. The uniformity
of the propellant chemical composition could also be
improved by using advanced production control methods as
well as by using large mixers for the production of
propellant for a large number of rockets. Further
improvement in the propellant uniformity can be achieved
by control of the produced propellant’s characteristics for
each batch. On the other hand, thrust optimization for range
maximization could result in the burn phase prolongation
and the reduction of launcher exit velocity, thus increasing
the pitch rate and its deviation. Therefore, in the case of a
high quality production and thrust optimization with respect
to the range increase, it is possible for the total impulse
deviation to lose its domination in the impact point
dispersion, and for the active damping method to find its
use in artillery rockets.

Gantmakher and Levin [19] have given a detailed
analysis of the impact point dispersion of artillery rockets,
showing that that the disturbances occurring immediately
after the launcher exit have the greatest effect. The angle of
attack appearing in that period is the effect of the initial
oscillations of pitch and yaw rates, wind and thrust
misalignment. The task of the active damping control
system is to bring the pitch and yaw rates in the period
immediately after launch to some specified values and to
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suppress their oscillations. Since this task does not require
much energy and since the control process is performed
immediately after launch when the rocket velocity is low, it
is logical to use a pulsejet control system. Such control
systems are characterized by a low price and complexity,
absence of moving parts, high reliability and efficiency
even in the case of low rocket velocities. These facts make
them acceptable for implementation even on artillery
rockets with smaller caliber and range.

The main tool for the following analysis is a simulation
of the mathematical model of rocket flight with 6 degrees
of freedom (6-DOF), given in [20]. The rocket
configuration used in the simulation study is a
representative long-range 262 mm artillery rocket, 4.7 m
long, fin-stabilized, with four pop-out fins on its rear part.
The lateral pulsejet ring is located at 0.4 m from the nose
tip of the rocket. The main rocket motor burns for 20 s and
imparts an impulse to the rocket of /., = 33.4 kN-s. The
thrust is divided into two phases: 6000 daN for the first
0.76 s and 1500 daN for the rest of the burn phase. The
rocket weight, the mass center location from the nose tip,
the axial and transversal moments of inertia before and after
burn are 390/225 kg, 2.65/2.47 m, 3.45/2.15 kg-mz, and
563/447 kg-m®, respectively. Nominally, the rocket exits
the launcher at ¥y =41.7 m/s and py = 33 rad/s. The exit roll
rate is achieved by the rifled launching tube. A case with
the range of x, =49900m , which is less that the maximum

one, is analyzed. The initial values of the system states and
their statistics are given in Table 1. It is assumed that all
random values are Gaussian.

Table 1. Reference and disturbance values

Parameter Reference value Standard deviation
qo [rad/s] -0.099 -0.042
7y [rad/s] 0 0.021
0, [deg] 58.6 0.03
Y [deg] 0.23 0.018
Vi [mV/5] 0 2
Vi, [m/s] 0 2
Lo [%0] 100 0.5
&[mrad] 0 L5

Pitch and Yaw Angular Rates of a Rocket after Launcher Exit
Pitch and yaw angular rates of a rocket ¢ and 7 are the
projections of the angular rate vector w to the Oz and Oy

axes of the aero ballistic reference frame. Considering the
linearized model of the rocket atmospheric flight in the
vertical plane under the influence of gravity [20], and
transforming the differential equations of motion from the
body to the aero-ballistic reference frame, we have:

AW =z, (1) AW +u(1)AG + g cos O(¢) (1)
Ag =m, (t)AWw+m, (t)AG

The dynamic coefficients in equation (1), z,,m,,m, are

dependent on the rocket velocity wu(z), its inertial

characteristics and the atmosphere. Since the action of the
Active damping control system occurs during the burst
phase, the values of velocity, mass and CG location of the
rocket change significantly during time, and these
parameters are assumed as time-varying. For a specified

reference trajectory and the corresponding aerodynamic
parameters values, in a moment in the time z , we have:

Aq + 2§n (T)a)n (T)AC? + 6()3 (T)Aé =y, (Z‘)gCOS@(T) (2)

Neglecting the oscillatory transient process, the steady
state value of the pitch rate is:

- m
qr =

g cos® 3)

n

Fig.1 shows the comparison of the pitch rate steady state
values obtained by equation (3) and the pitch rate values
obtained by the simulation of the 6-DOF model. After the
launcher tube exit, the rocket pitch rate is significantly
higher than its steady state (reference) value, which
produces the oscillatory transient process. After the
transient process is over, the pitch rate settles at its steady
state value.
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Figure 1. The pitch rate and its reference value.

In the horizontal plane, without gravity influence, the
yaw rate steady state value is 7, =0 . In the ideal case, the
active damping control system should suppress the
oscillations of the transient process after the launcher exit,
and achieve §(t)=gx(¢) and 7(z)=0. For that to be

possible, one should have to know the values of the pitch
and yaw rates in the aero-ballistic frame. Considering the
fact that the rate gyros are fixed to the rocket body and
measure the values of ¢, 7 in the body reference frame, the

determination of ¢ and 7 requires the value of the roll

angle @, which could be obtained by the integration of the
output of another rate gyro, measuring the roll rate p,

which should be of a high accuracy class. The further study
shows that the correction can be done with the pitch and
yaw rate values in the body reference frame, thus
significantly simplifying the control system. Furthermore,
these sensors could be of a low accuracy class, as they are
not intended for obtaining the rocket’s Euler angles via
their output integration.

Denoting the transformation matrix from the body to the
aero-ballistic frame with Lz, (Etkin, Reid [20]), for a

known roll angle @ , the angular rate vector components in
the aero-ballistic frame are:

p I 0 0 p
wW=|g|=Lz;w={0 cos® —sin®d || g €]
r 0 sin® cos® || r
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In the considered study case, the design of the rocket and
the launcher tube allows that the roll rate is significantly (3-
5 times) higher than the pitch rate natural frequency. Thus,
the body fixed rate gyros readings are oscillatory with the
roll rate frequency. If the angular rate vector

w=[p g r]T is considered, then its projection to the
Cyz planeis w, =[0 ¢ r]T . In the aero-ballistic frame,
we have: @=[p ¢ 7]’ and its projection to the plane

Giz: @,.=[0 ¢ 7] . The amplitude of the vector w,.
and its angle in the plane Cyz in relation to the y axis are:

o,, = \/qz +7? %)

o, = tan~! g (6)

Fig.2 shows the pitch and yaw rates in the body and the
aero-ballistic frame, as well as the amplitude of the angular
rate vector in the Cyz plane during the first 10 seconds

after the launch. While the values of ¢ oscillate around the

reference value given by equation (3), and the values of 7
around zero, with the pitch rate natural frequency, the
angular rates in the body reference frame oscillate with the
roll rate frequency. However, the amplitude of the angular

rate vector @, , obtained from the values of ¢ and r,

oscillates not with the roll rate, but with the pitch rate
natural frequency around the absolute value of the pitch rate
reference value gy .
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Figure 2. Pitch and yaw rates.

As seen in Fig.1, after the launcher exit, the rocket
angular rates oscillate provoking the oscillations of the
pitch and yaw angle as well as the angle of attack and
sideslip. The character of the transient process (Fig.1)

implicates that the transversal motion of the rocket is very
oscillatory, with a very low damping ratio. The task of the
active damping control system is to increase the damping
ratio and to suppress the oscillations. If the control angular
acceleration in the body reference frame is denoted with
w,, the active damping control law is:

wc = _K(uw K(u >0 (7)

yz»o

Transforming the previous equation into the aero-
ballistic reference frame, we obtain:

@.= L0, = —K,Lzw,.= —K,LzL,0,.= —K,@,. (8)

The scalar form of the previous equation is:

qLc = —quN
, 9)
r.=—-K,r
System (1) now becomes:
AW =z, (1) AW+ u(t)AG + g cos O (1)
(10)

AG=m, (t)A0+[m, (t)-K,]AG

This system of differential equations can be transformed
into:

Aé-’_zgﬂAD (T)a)nAD (T)Aq;-i_a)r?AD (T)Aq: (11)
=m, (7)gcosO(7)

The system described by the previous differential
equation achieves the steady state:

~ _m,
qrAD =~
@y AD

gcos®, (12)

the value of which is very close to the steady state value in
the case without the active damping, given by equation (3).

Introducing m, »p = m, — K, , the natural frequency and the

damping ratio become:

W:%AD =MyGApZy -m,V (13)

4

——
Ganp =—5 5> (14)

From the previous equations, we obtain:

My AD :(2§nAD _I)Zw -
_2\/§nAD (gnAD _1)2»% = Cuapm,V
which, for the assumed value of ¢,,p =1 comes to

Myap = Z,, — 24/-m, V. Fig.3 shows the values of m,ap

obtained for £, =1, during the first 10 seconds of flight

after the launch.
From Fig.3,

(15)

assuming that ¢,,p =1, we have

Kw ~ _quD z18571 .

The comparison of the natural
frequencies and the damping ratios in the cases without
control and with active damping with K, =18s™' for the

first 10 s after launch is shown in Fig.4.
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Figure 3. Values of m,,p for ¢, =1.
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Figure 4. Influence of active damping on the values of ¢, and , .

Fig.4 shows that active damping slightly lowers the
system dynamics and increases the damping ratio from the
near-zero value to the desired ¢, =1.

Pulse Frequency Modulation of the Command Signal

Equations (5 - 7) describe the active damping control
law. Continuous control command (7) must be transformed
into an array of pulses, using pulse frequency modulation,
as described in [5]. The action of a control impulse with

magnitude /.[N-s] at a distance /;[m] from the center of

gravity of the rocket with the pitch inertia J, [kg-mﬂ,

produces an angular acceleration, whose mean value @,

over the preceding period 7[s] is:

6’2) _ Icll
‘<,

(16)

The mean value of the angular acceleration depends on
the only variable member of equation (16) — the time period

7 . The maximum value of the angular acceleration, @,
corresponds to the minimum time between two consecutive

pulses ¢, . By defining the command coefficient K as the

ratio between the achieved and the maximum angular
acceleration, we obtain:

@,

(17

For a§c defined by equation (7), and asc,max defined by
(16) with 7 =t¢,;, , we have:

tminJ Kw
K=#wyz =Kpa)yz (18)
toind K
Kp — _mnryre [s] (19)
[cll

The gain K, depends on the angular rate feedback gain
K, and the parameters of the pulse frequency modulation.
For a specified magnitude of control pulses, their distance
from the c.g. of the rocket and its inertial characteristics, the
value of the gain K, is defined by ¢,;, and K, .

The pulse frequency modulation of the control signal
(w,) requires the application of a non-linear control law
instead of equation (7) in order to avoid oscillations around
zero, which comes with the impulse control. Therefore, the
control action, defined with equation (7), stops when the
magnitude of @, falls below a given value @, . The

control law, then, becomes:

K = KP (a)dcm _a)yz) > Dgem < @, (20)
0 > Wgem 2 a)yz

The command coefficient values, representing the ratio
between the desired and the maximum possible angular
acceleration are limited to K <1. The time to the next pulse
is defined as:

Z‘ .
— min 2 1
= (21)

A block diagram of the active damping control system is
shown in Fig.5.

%

>

Figure 5. Block diagram of the active damping control system.

The conditions for firing the # -th pulsejet are:

- Time elapsed from the previous pulse is longer than 7 :
I> ey +7.

- Considered 7 -th pulsejet is not already fired.

- Difference between its roll angle and the desired one, tak-
ing into account the equivalent delay angle ®,, is lower
than the desired activation threshold &, :

AD, + D, —D,[< &g (22)

The angular condition, given by equation (22) is shown
in Fig.6. The term A®, =27z(n-1)/N; presents the roll
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angle of the n -th pulsejet measured from the negative part
of the z axis in the body reference frame. The roll angle
®,, of the angular velocity vector projection w,, onto the
plane Cyz of the body reference frame is defined by
equation (6) in respect to the y axis. The control angular
acceleration vector w,, is, according to equation (7),
opposite to w,. . The control impulse vector I. is in a

plane normal to the vector w, . All these vectors lie in, or
are parallel to, the plane Cyz. Fig.6 shows that the angle

between the y axis and the vector w,., and the angle

yz o
between the negative part of the z axis and the projection
of the vector I. are equal (to @, ), being the angles with
normal arms. This proves (22).

Figure 6. Pulse command roll angle.

The equivalent roll angle ®, is dependent on the roll
rate, the firing time delay and the duration of the pulse z;.
Without the roll rate sensor, the value of p is assumed as a
known function of the time of flight.

Simulation results

The active damping system action is shown for a
combination of disturbances given in Table 2. It is assumed
that the control system consists of N; =32 pulsejets with a

magnitude of /. =15N-s, as well as that the control |
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Figure 7. Yaw rates with and without the control system.
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The situation in the vertical plane is somewhat different.
After the launcher exit, the control system sets the pitch rate
to a near zero value. With the oscillations suppressed, the
angle of attack increases, as shown in Fig.9. This low value
of the pitch rate is, also, in collision with the steady state
value, given by equation (3) and shown on Fig.1, whose
value after the launch is around g =~0.04rad/s. The

previous two facts are the reason for a large number of
control pulses fired in an attempt to maintain the pitch rate
within the given boundaries. Figs. 7 and 8 show that the roll
angles of the command pulses were close to the vertical
plane, besides the fact that the control logic was performed
in the body reference frame, without the information about
the roll angle.
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Figure 8. Pitch rates with and without the control system.
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parameters are: Kp =20S, @y, =0.0lrad/s  and
tmin =0.1s.
Table 2.
Quantity Unit Nominal value Disturbed value
o rad/s -0.099 -0.14
Ty rad/s 0 -0.02
Vire m/s 0 -2
. m/s 0 2
& mrad 0 1.5

Figs.7 and 8 show the comparison of the pitch and yaw

3" Vabhie Active damping ||
S \\ amny
21® / \
— 1 N\ \V\
ENAN AN\
o
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o

rates in the aero-ballistic frame for rockets with active
damping and without any control. An active damping
system, using the array of control pulses, efficiently
suppresses oscillations in the horizontal plane and
maintains the yaw rate close to zero.

Figure 9. Angle of attack & , with and without the control system.
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Fig.10 shows the magnitude of the angular rate vector in
the transversal plane ®,., defined by equation (5), which,

in this case, is the controlled state. The control system
firing moments are shown as well. After all the pulses were
expended at time ¢ = 6.5 s, free oscillations of the angular
rate @,, occur. The amplitude of these oscillations in the

vertical plane is similar to the amplitude of the uncontrolled
rocket, due to the difference between the actual and steady-

state value of the pitch rate ¢. The oscillations in the

horizontal plane remain suppressed even after the control
stops, with only low-amplitude roll rate frequency
oscillations remaining due to the rocket motor thrust
misalignment.

Figs. 11 and 12 show the comparison of the yaw and
pitch angles during the transient process after the launcher
exit. The cases with and without disturbances given in
Table 2, and the cases with and without the control are
shown in order to present the effect of the control system.
Although the active damping control system was not able to
compensate the effect of the disturbances completely, it
manages to lower significantly the difference between the
pitch and yaw angles in the case with and without
disturbances. From the yaw angle diagram, one can note
that the difference is lowered from 2.6° to 1.2°. In the pitch
angle case, the difference reduction due to the active
damping control system action is somewhat lower, from
1.9° to 1.2°.
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Figure 10. The demanded and the achieved angular rates.
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Figure 11. Yaw angles comparison.

60
58 1 B .
564\ -
54 \ - \\
52 \/\‘-\ B
50 ”\\ N
o 48 N \.\ _.\—0\\
S 46 NN R~
N 44 |
® 4 \:.:
404 ——No Correction, No Disturbances T
38l —¢—No Correction, With Disturbances
36d T Active damping, No Disturbances
4 _.._ Acltive dlampirllg, Wilth Dislturbaflces
0 1 2 3 4 5 6 7 8 9 10

t[s]

Figure 12. Pitch angles comparison.

Parametric and Performance Analysis

The goal of the parametric analysis is to determine the
optimal control system parameter values corresponding to
its hit point deviation. The analysis is performed using the
Monte Carlo method, described in [21], with 200
simulations of the 6-DOF model. The mean values and the
standard deviations of the stochastic parameters are given
in Table 1.

Hit Points Distribution

Fig.13 shows the hit point distribution using the Monte
Carlo method. The cases of the uncontrolled rockets as well
as of the rockets with the active damping control system,
with the parameters [, =15N-s, N, =32, t.,=0.1s,

W4 =0.01rad/s and Kp =20s, are shown. It was
assumed that all control pulses lasted for z; =0.005s. The

analysis was performed for a statistical sample of 200
simulations.
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Figure 13. Hit point distribution.

The statistics of the hit point distributions is shown in
Table 3.

Table 3.
Statistics Uncontrolled AmYe Reduc.tlon
damping ratio
Circular error probable CEP[m] 1636 694 2.36
Range error probable Vj,[m] 741 466 1.59
Lateral error probable Vp[m] 1094 321 3.41

Using the active damping control system, dispersion is
lowered by a factor of 3.4 in the cross-range, and by a
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factor of 1.5 in the range. The inability of such a control
system to compensate for the total impulse deviation
changes the character of the hit point distribution, and the
dispersion in the range becomes greater than that in the
cross-range.

Active guidance control system parametric analysis

The performances of the precision enhancement system
depend on its parameters, which are: the number N; and
the magnitude /., of the pulse jets, the minimum time
between two consecutive pulses t,,, , the gain factor Kp,
the demanded angular rate @g,, and the average duration
of control pulses z;. The parameter tuning method is used
for their optimal combination, which yields the least impact
point dispersion.

Fig.14 shows the dependence of the impact point
dispersion on the combination of the gain factor K, and
tmin - In the considered case, the other parameters were:
N, =32, I, =15N-8, @y, =0.01rad/s and 7; =0.005s.

The parameters K, and ¢, are linked in equation (19).
For the assumed damping ratio £, =1, which, according to

equation (15) yields K, ~-myp = 19s7', and for the
J, =562kg-m*> and [, =2.44m, from
equation (19), we have Kp =276, .

CEP [m]

parameters
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Figure 14. CEP depending on Kp and #, .

The dependence of the hit points distribution on the
parameters Kp and ¢,;, shown in Fig. 14 leads to the
conclusion that the assumed value of £, =11is close to the
optimum one. The best results area is clearly differentiated
in Fig.14 and close to the line Kp =276-t,;, . The specific

character of the applied pulse control favors a certain range
of the minimum time between two pulses, and we can
assume the values f,;, =0.1s and K, =20s for a further

analysis.
Fig.15 shows the dependence of hit point dispersion on
the demanded angular rate @y, . For a given magnitude of

I. =15N-s and various numbers of control pulses, series of
Monte Carlo simulations were performed for z; =0.005s

and all combinations of K, and ¢,,, and the least
achieved dispersions are shown. This analysis shows that

the dispersion is only slightly dependent on @, . In the
case of an extremely low number of control pulses, better
results are obtained for higher values of @, , while, with
the increase of the pulsejets number, the value that yields

the  least impact point  dispersion  becomes
Wyem = 0.01rad/s .
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Figure 15. CEP depending on @, -

Fig.16 shows the dependence of the impact point
dispersion on the pulse duration 7;, for the case of 32

and the

combination of software parameters which, according to the
previous analysis, yields the best results for such energy
resources. This analysis shows the negative impact of the
pulse duration on the impact point dispersion, and that this
parameter should be lowered as much as possible in the
design of the control system.
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Figure 16. CEP depending on the control pulse duration.

Fig.17 presents the overall performances of the active
damping control system in relation to its energy resources —
number and magnitude of the pulsejets. Each point on the
diagram is obtained for the combination of the control
parameters which yields the least impact point dispersion
and 7; =0.005s. This analysis shows that 7/, =20N-s

yields the best results. The dispersion reduces significantly
with the number of pulsejets increase to 16. In the case of
high magnitude pulses, the increase of their number above
this value produces a low or none dispersion reduction, In
the case of low intensity pulses, any increase of their



18 PAVKOVIC,B. etc: ENHANCING THE PRECISION OF ARTILLERY ROCKETS USING PULSEJET CONTROL SYSTEMS WITH ACTIVE DAMPING

number lowers the dispersion significantly, which implies
that in this case the control system is energy-limited.

Figure 17. CEP depending on the control system energy resource.

Conclusion

The problem of impact point dispersion comes as a
limitation factor for artillery rockets uses at ranges greater
than 30 km, in which case a very large number of rockets
are needed for achieving a hit points concentration which
guarantees the target destruction. The number of rockets
can be reduced by improving their precision which can be
achieved by the implementation of a control system.

Considering the fact that artillery rockets are used for
firing at entire areas, which implicates that they are
launched in large quantities from multi-tube launchers, the
cost of the applied control system in relation to its precision
enhancing is of great importance. A significant reduction of
the price and complexity of the control system can be
achieved using pulsejets as a control mechanism.

This paper presents a precision enhancing method named
the active damping method. This control system provides
correction of the disturbances on the critical part of the
trajectory, immediately after the launcher tube exit. Such a
control system is significantly simpler and cheaper than
trajectory tracking systems, as it demands only two rate
gyros of a low accuracy class.

This paper presents the parametric and performance
analysis of the active damping control system. It is shown
that such a system can lower the circular error probable by
a factor of 2.5. The active damping control system, with its
simplicity and performance, is a strong candidate for the
use on 128/122 mm artillery rockets.
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Povecanje preciznosti artiljerijskih raketa metodom aktivnog
prigusenja

Artiljerijske rakete srednjeg i velikog dometa se koriste na bojiStu za indirektno gadanje udaljenih ciljeva. Imajuéi na
umu veliko rasturanje pogodaka, one se Koriste za gadanje celih oblasti iz viSecevnih lansera. Pri tome, za ostvarivanje
zahtevane verovatnoée neutralizacije pretnje, neophodno je utrositi veliki broj raketa. Primenom odgovarajuceg
upravljackog sistema kod artiljerijskih raketa moguce je znatno smanjiti njihovo rasturanje pogodaka i povedati
verovatnocu uniStenja ciljeva. Upravljacki sistemi sa reaktivnim impulsima su dovoljno jednostavni da se mogu primeniti
na artiljerijskim raketama i efikasni da ostvare smanjenje rasturanja pogodaka koje opravdava njihovu primenu. U
ovom radu je predstavljena pojednostavljena upravljacka Sema nazvana metoda aktivnog prigusenja, koja izvrSava
korekciju poremecaja odmah nakon napustanja lansirne cevi. Pokazano je da se primenom upravljackog sistema sa
aktivnim priguSenjem moZe ostvariti znacajno smanjenje rasturanja pogodaka, kao i da je to efikasan metod za
smanjenje uticaja svih poremecaja izuzev odstupanja vrednosti totalnog impulsa raketnog motora.

Kljucne reci: raketna artiljerija, viSecevni raketni baca¢, raketni projektil, upravljanje raketom, vodenje rakete, sistem za
upravljanje, impulsno upravljanje, preciznost, korekcija greSke, rasturanje pogodaka, efekti na cilju, Metoda Monte
Karlo.

YBeqn4eHne TOUYHOCTH APTHILIEPUHUCKUX PAKET € HCIOJIb30BAHUEM
AKTUBHOI0 1eMII(pMPOBAHMS

ApTuiuiepuiickue pakeTbl cpefHeil M 00JbIIOH AATBHOCTH MNOJB3YIOTCA Ha MoJjie 001 11 KOCBEHHOH CBEMKH
0TAAJEHHBIX 00bexToB. IIpHHMMas BO BHHMAaHMe LIMPOKOE pacnpeieieHde XHTOB, OHHM NPHBBIKJIH CHUMATb BCIO
00J12CTh U3 MYCKOBBIX YCTAHOBOK C Bbile TPY0. Kpome Toro, ajis nocTuskeHus TpedyeMoii BepOSTHOCTU HeHTpaaInu3auuu
yIpo3bl, Heo0X0AUMO HOTPed/IATh 00JbLIOe KOJHYeCTBO pakeT. Hcmoib3ys COOTBETCTBYIOLHE CHCTeMbI ISt
YNpPAaBJIeHUs] Y APTH/ICPUHCKUX PaKeT BO3MOJKHO 3HAYMTEIbHO CHH3UTH PacHpe/ieeHHsl CBOMX XHTOB M yBeJHYHUTh
BEPOSITHOCTh MOpakeHHs1 nejeii. CucTeMbl /151 YIPAaBJIeHHs] ¢ PEAKTHBHBIMH HMIIYJIbCAMH JOCTATOYHO MPOCTHI AJIS
NpHMEHEeHHs] HAa aPTHLIEPHIiCKMX PaKeTaxX M sl JOCTHXKeHHsl 3()()eKTHBHOIO CHMKEHHsl pacnpeiejleHHs XHTOB,
KOTOpbI¢ ONPABJALIBAIOT MX NPUMEHEHHe. JTa CTAThsl NMPEACTaBJIsAET c000i YNPOLIEHHYI0 cXeMy /I YNIPaBJEHHUs ¢
Ha3BaHHEM - MeTOJ AKTHBHOIO aAeMIGHPOBAHHS, KOTOPbIH BBINOJHSAET KOPPEKLUHI0O HApyLIeHHil cpa3sy mnocie
OKOHYAHHMSI 3amycKka TPyObl myckoBoii ycraHoBkHu. IlokazaHo, YTO ¢ NpHMeHeHMEM CHCTeMbI JJIsi YNPABJIEHHs €
AKTHBHBIM JeMII(pHpPOBAHHEM MOKHO A00MTHCH 3HAYHTEJbHOI0 COKPAILICHHS! TOYEK pacnpe/ie/ieHHe XUTOB, a TAK/Ke 4TO
370 siBJsieTcst 3P (PeKTHBHBIM METOI0M 1JIsi CHHKEHHs BO3/IeiCTBUS BCeX HAPYILeHHUH, 3a HCKII0YeHHeM OTKJIOHEeHHii oT
00111ero YHCJIa HMITYIbCOB PAKETHBIX IBUIaTe/ e,

Kniouesvie cnosa: peakTHBHAsl apTHIIIepHsl, PeAKTHBHAsI CHCTeMAa 3aJIIOBOT0 OTHS, PAKETHbIE PaKeThbl, yNPABJICHHS
paKkeToii, HaBelleHUsl PaKeT, CHCTeMbl JJIsl YNPaBJeHHusl, HMIIyJIbCHOE YNpaBjieHHe, TOYHOCTb, HCNpaBJieHHe OMHOOK,
pacrnpe/e/ieHue XuToB, Bo3JeiicTBHe Ha 1eb, MeTox MonTte-Kapiio.

L’augmentation de la précision chez les roquettes d’artillerie par la
méthode d’étouffement actif

Les roquettes d’artillerie de moyenne et de grande portée sont utilisées sur le champ de bataille pour les tirs indirects sur
les objets éloignés. Tenant compte de la grande dispersion des impacts elles sont utilisées pour tirer sur les entiéres
régions a partir des lanceurs multitubes. Pour réaliser la probabilité exigeante de la neutralisation de menace il est
nécessaire de dépenser un grand nombre de roquettes. En utilisant un systtme de contrdle correspondant chez les
roquettes d’artillerie il est possible de diminuer considérablement la dispersion des impacts et d’augmenter la possibilité
de destruction des objectifs. Les systémes de contrdle aux impulsions réactives sont assez simples pour s’appliquer chez
les roquettes d’artillerie et suffisamment efficaces pour diminuer la dispersion ce qui justifie leur emploi. Dans ce travail
on a présenté le schéma simplifié de contréle appelé la méthode d’étouffement actif qui accomplit la correction du
dérangement immédiatement aprés I’abandon du tube de lancement. On a démontré que par I’emploi du systéme de
controle a I’étouffement actif il est possible de réaliser une diminution considérable de la dispersion et que cette méthode
est efficace pour diminuer les effets de tous les dérangements sauf la déviation de I’impulsion totale chez le moteur de la
roquette.

Mots clés: artillerie de roquettes, lanceur de roquettes multitube, missile, controle de roquette, guidage de roquette,
systéme de controle, contréle par impulsion, précision, correction de déviation, dispersion, effets sur I’objectif, méthode
Monté Carlo.





