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Abstract:

A mathematical model of unguided-rockets’ motion in the air taking into account the deflec-
tion of the thrust and the position deviation of the center of gravity has been established.
The mathematical model has been solved for a specific unguided-rocket slow spin to predict
its standard trajectory and deviation trajectories; calculated results agree well with the
corresponding data in the firing table. The effect of the disturbance factors on the motion
stability is shown through the deviation of the graph of the angle of attack; sideslip angle
and the trajectory falling points compared to the corresponding values of the standard tra-
Jjectory, which does not contain deviations.
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1. Introduction

In addition to creating the rolling moment, a rocket motor thrust is often designed so that
its direction coincides with the rocket’s symmetry axis. Besides, the rocket’s center of
gravity is usually designed to lie on the symmetry axis. However, due to manufacturing
and assembly errors the thrust and the rocket’s center of gravity deviate from their design
positions. These deviations are preliminarily shown in Fig. 1, where Ar is the deflection
angle between the thrust and the rocket’s symmetry axis, Ar is called the thrust deflection;
em is the deviation of the rocket’s center of gravity, O from its design position, O’ (which
is on the geometric axis).
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Fig. 1 Combination of thrust deflection and deviation of the center of gravity

The deviation of the center of gravity causes a change in the inertial axes and the
moments of inertia of the rocket. In addition, this deviation combined with the thrust
deflection creates a thrust eccentricity, A which forms unwanted moments. Each deviation
acts as a disturbance factor that affects the rocket’s motion on the flight.

The mentioned disturbances distribute in all different directions with respect to the
rocket’s body, each disturbance factor mentioned has a distinct effect on the stability of
rocket motion in the air. When these disturbance factors are combined, one disturbance
factor can increase or decrease the effects of the remaining factors on the stability of
rocket motion. So, determining the combinative effect of these disturbance factors is nec-
essary, in order to find a limit for them, ensuring the accuracy of the firing process.

According to the general concepts of stability and technical requirements of weap-
ons, a rocket is considered stable if its oscillation on the flight is stable and its trajectory
falling point within an allowable limit [1, 2]. Rocket oscillation is stable if the amplitudes
of the angle of attack and sideslip angle decrease to zero. The allowable limit of falling
points is taken as the allowable falling point distribution area in the firing table, ensuring
firing accuracy.

The article establishes a mathematical model for unguided-rocket motion in the air
taking into account the mentioned disturbance factors, then investigating their effects on
the motion stability of a fin-stabilized rocket, spinning slowly. The criteria for evaluating
motion stability are the laws of change of the attack angle; sideslip angle and the disper-
sion of the trajectory falling points.

2. Mathematical Model of Unguided Rocket Motion in the Air Taking into
Account the Thrust Deflection and the Deviation of the Center of Gravity

2.1. Coordinate Systems

For investigating the rocket motion in the air, the article uses the following coordinate
systems [3, 4]:

* normal earth coordinate system, O.X;Y.Z, is a fixed coordinate system on the
ground with its origin, O, coinciding with the rocket’s center of gravity at the mo-
ment the rocket leaves the launcher; the axis, OgX, is the intersection of the firing
plane (the vertical plane containing the rocket axis when starting to launch) with
the horizontal plane across the origin. It is positive in the firing direction; the axis,
O¢Zg, is perpendicular to OgX,, and downward; the axis, OyY,, is determined ac-
cording to right rotation rule,
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* earth coordinate system attached to rocket, Ox,y.z; has the origin in the rocket’s
center of gravity, O; its axes are always parallel with the axes of the normal earth
coordinate system. (Ox; || OgXg; Oyg || OgYe; Oz || OeZy),

* aerodynamic coordinate system OX,Y,Z, can be identical to the flight path coordi-
nate system for an axially symmetrical rocket. Aerodynamic roll angle is not
necessary in this case. The coordinate system is attached to the velocity vector of
the rocket’s center of gravity, OX, coincides with vector V; OZ, is perpendicular to
OX in a vertical plane passing through V and downward; OY, is perpendicular to
the plane OX.Z, in a right rotation rule. The position angles between the aerody-
namic coordinate system and normal earth coordinates system are: Y. —
aerodynamic azimuth, )4 — aerodynamic pitch,

* body coordinate system, OXYZ determines the position of the rocket axes. Its origin
coincides with the rocket’s center of gravity; OX is parallel to the rocket’s sym-
metry axis (In case the center of gravity coincides with the geometric center, then
OX coincides with the rocket’s symmetry axis); OZ is in the vertical plane and
downward; OY is determined according to right rotation rule. The rocket’s spin
motion is determined by the spin angle, v around the axis, OX. The position angles
between the body coordinate system and the velocity coordinate system: & — angle
of attack, f — sideslip angle.

Geometric relationship between coordinate systems Ox,yszs; OX.Y.Z, and OXYZ is
shown in Fig. 2.

Xg —&

Fig. 2 Geometric relationship between coordinate systems
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Transformation matrices between the coordinate systems:

_Xg 1T cosy,cos), —cosysiny, siny, || x,

Yo | = sin X, COs)X, 0 Ya
2, | | —sinj,cos), sin),sin), cosy, ||z, W
[x, ] [ cosacosf —cosasinf sina |[x

v, |= sin 8 cosf3 0 y

z, | |—sinacosfB sinasinfB cosa ||z

2.2. Assumptions

In the mathematical model, the article uses some assumptions as follows:

2.3.

the center of gravity has a position deviation in the direction perpendicular to the
rocket axis OX,

when the position of the center of gravity changes, principal axes of inertia will
remain parallel to their design positions (which coincide with the rocket’s geomet-
ric axes),

the asymmetry in mass distribution is the same along the rocket’s symmetry axis.
When the rocket motor works, the rocket’s center of gravity moves in the direction
parallel to the rocket axis OX,

rocket motor operates stably and the thrust does not change its direction during op-
eration,

the effects of wind, initial disturbance, Earth curvature, Magnus force and Coriolis
force are ignored.

Combination of the Thrust Deflection and the Deviation of the Rocket’s Center of
Gravity

Suppose the thrust deflection and the deviation of the rocket’s center of gravity at the
initial time are represented through geometric parameters as shown in Fig. 3.

Fig. 3 Geometric parameters of thrust deflection and deviation of the center of gravity
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e [;— the rocket’s geometrical symmetry axis,

* O’ - the design position of the center of gravity,

e Oy - the distributed center of the motor nozzles’ critical sections,

¢ Or — the distance between O’ and Or,

e T —the total thrust generated by the rocket motor system,

e Jr,; & — the position deviation parameters of thrust with respect to its design posi-
tion,

* em’ &n — the position deviation parameters of the center of gravity, O with respect
to its design position, O’.

1
After a period of time ¢, the rocket rotates around the axis, OX an angle, V = J.I/'dt.
0
With a convention that the positive direction of angles &r and &, is anticlockwise when
viewing from the top of vector OX, according to Fig. 3, the position of the point, O’ and
the thrust, T in the Body coordinate system are as follows:

X, | 0
Yo |=| ensin(e, +v) )
Z | | —encos(e, +v)
T.| [ Tcos A,
T, |=| -T'sin A;sin(&; +v) 3)
T.| | Tsin Arcos(g; +v)

From Eqs (1) and (3), thrust components on the velocity coordinate system are:
T, T cos A, cosacosf+Tsin A, [cos (ST + V) sing@ + sin (é‘T + V) cosasinf3 ]
T, |= T cos A, sin B~T sin A;sin (&, +V)cos @)
T, —T cos A;sinacosfB+Tsin A, [cos (& +V)cosa —sin (&, +V)sinasin ,6’}

From Eqgs (2) and (3), moment components (generated by thrust 7) on Body coordi-
nate system:

_Ty |10‘ +Tz [yo'
=| T, &0' +T, |]5T
-T, [yo' +Ty |]5T

=

-

)

-1 sinA; [é |:Sin(€T +V)cos(€, +v)—cos(& +v)sin(e, +V)}

=

= ~T cos A, [2, cos(&, +V)+TsinA, cos(&, +v) B,
~Tcos A, [¢, sin(g, +V)+Tsin A, sin(&, +V) D,

-

X XX XXX

2.4. Mathematical Model

Translational motion equation
Rockets’ translational motion is represented in Flight-path axis system [3], as follows:
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mV =T, —D-mlgsiny,
mlV Ly, =-T +L-mlgcosy, (6)
mVeosy, X, =T, +Y,

e m — the rocket’s mass at time t,

* V —the velocity of rocket’s center of gravity,

* D, L, Y, - the drag; lift and lateral force, respectively,

* g —the gravity acceleration, it changes with altitude of the rocket.

R2
_— 7
(-2} "

R — the radius of the Earth, g,— gravity acceleration at altitude 0.
Eq. (6) is rewritten as:

8§ =8

V= (Tl —D—ngsinyﬂ)

3|~

. 1
=——(-T. +L-mU}cos 8
o= (T (cosy, ) ®)
1
Y, =——I\7T, +Y,
20 mVcosy, ( . a)
Rotational motion equation
Rocket’s rotational motion is represented in the Body coordinate system [3, 4] as follows:

@—If+9XHj=Zﬁ 9)
where

e H - the rocket’s angular momentum in Body coordinate system. If the rocket’s
principal moments of inertia I and angular velocity with respect to the Body coor-
dinate system are I, I, I; and @ = (w., oy, @), respectively, then:

H=(I0; 1, W, I @) (10)

e Q - the angular velocity of Body coordinate system: 2 = (wx VW W, ) ,
¢ M - the resultant moment with respect to the center of gravity.
Eq. (9) is rewritten as:
I, o, =M, + Ly
Lo, +(1, - 1) Mo, +1 0, B =M, +M (11
LU +(1, - 1)@, o, ~ 1, Ug, D =M_+N

where Lg, M, N — rolling moment; pitching moment and yawing moment, respectively.
Eq. (11) is rewritten as:
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a)x :IL(MX-‘-LR)
1
wy:I_y|:M)’+M_(Ix_IZ)wx|]Uz_Izm)zljz:l (12)
@, :IL[MZ +N—(Iy —Ix)wx o, +1, 2o, @J
Z

Kinematic relationships
According to Fig. 2 and Eq. (1), kinematic relationships are represented as follows:

w =V+dasinf+y, (cosa’cosﬁsin X, *sin SBcosy, ) - X, sinacosf
w, = dcosfB+Yy, (cos[?cos,Ya —cosasin Bsin X, ) + X, sinasin 8 (13)

W = B+ y, sinasin x, + y,cosa

Eq. (13) is rewritten as:

a =
cosf3

[3=a)Z —y,sinasin x, — x,cosa (14)

V=w,—dsin -y, (cosa’cosﬁsin X, tsin Scosy, ) + X, sinacosf

[wy ~, (cosBeosy, —cosasin Bsin , ) - X, sina'sin ,BJ

The velocity components of the rocket’s center of gravity in Normal earth coordinate
system:

X, =Vcosy,cos),
Y, =Vcosy, sin x, (15)

Z'g =-Vsiny,

Mathematical model
From Eqgs (4); (5); (8); (12); (14) and (15), mathematical model of unguided-rocket mo-
tion in the air taking into account the thrust deflection and the deviation of the center of
gravity is expressed as Eq. (16).

The system of equations (16) includes variables as V; Ji; Xor @ B; V; @5 Wy @y X,
Y., Z,. The system is often solved by numerical methods, the initial condition for solving
the system is the motion parameters at the time the rocket leaves the launcher. Also, the
change of mass, moments of inertia and aerodynamic functions need to be determined.

3. Simulating Motion in the Air of a Fin-Stabilized Rocket

The motion of a representative rocket of a type of unguided-rockets, fin-stabilized with
a single-stage solid-propellant rocket motor, which is BM21-rocket that are simulated, as
a basis for investigating the effects of the disturbance factors mentioned on the rocket
motion.
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Eq. (16):

V= i{Tcos ApcosacosfB+Tsin Ay [cos (& +V)sina + sin (& +V)cosasinf ]
m

-D-m(} sinya}
. 1 . . . o
v, = W{Tcos ApsinacosS—T sin Ay [cos (& +V)cosa —sin(&; +v)sinasin [3]
+L-mlgcos Va}
. 1 . . .
Xa :W(TCOSAT sin B =T sin Aysin (&g +V)cos,6’+Ya)

a :ﬁ[ )~V (cos[S’cos)(a —cosa’sin ﬁsin)(a) - X, sinasin ,BJ

B= @, = Y, singsin ), — x,cosa
V=w,—asinf-y, (cosa’cosﬁsin X, +sin ,Bcos)(a) + X, sinacosf3

@, =Ii(—Tsin/lT (&, [sin(é‘T +V)cos(&,, +v)—cos (& +V)sin(g,, +V)} +LR)

w, =Ii[—TCOS/IT [,c05 (£, +V) +T sin Acos (&p +v) By —(1,-1,)w, T, ~ 1, G, W+M}
y

@, :Ii[—TCOS/lT [&,,sin (&, +V)+Tsin Asin (& +V) [B; —(Iy —Ix)a)x Ldv, +1 Ldo, E’/+N]
Z

X ¢ = Veosy,cos),

Yg =Vcosy, sin X,

Z, =-Vsiny,

3.1. The Change of Mass and Moment of Inertia
During the motion, the mass of the rocket changes due to the process of discharging com-

bustion products. This change is determined by solving the internal ballistics problem of
the rocket motor and can be approximated by the following formula:

. m
m, =|m|@=—L1 (17)
T
where
* m, —the amount of mass has been reduced until time ¢,

* m, — the propellant mass,

e m —the velocity of the exhaust process,
e T —the propellant burning time.
The mass reduction process leads to a change of the moment of inertia respect to the
axes of the rocket; the process is modeled in plane OXZ, as shown in Fig. 4.
Suppose the principal moment of inertia respect to the geometrical symmetry axis is
I; equatorial inertia moment is /., then:
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1,=1=1,
VAR V4
dy
O
2R, 2ry . 1= X
&
dm

Fig. 4 The change in the rocket’s mass

After the interval of time, the change of mass is dm, the corresponding moment of
inertia is:

" 1 2
I*_IXEE@”$O?+JJ _ﬁ] (19)
I=1'=1 -9mld —(m-3m)(&,

* R;; rp — the outer radius and inner radius of propellant charge, respectively,
* dy — the burning thickness of propellant,

* d, — the distance between mass elements dm and axis OZ,

* 0o — the displacement of center of gravity O in the axial direction OX.

3.2. Expressions of Aerodynamic Functions
The aerodynamic coefficients used for simulating the rocket motion are taken from
a rocket of a similar shape in [5], as shown in Tab. 1.
In the table below:
e (4 — the total axial force coefficient,
*  Cn, —the normal force coefficient derivative with the angle of attack (Which corre-
sponds to the projection of the resultant aerodynamic force on the axis 0Z),
* C,, — the normal force coefficient derivative with rate of change of the angle of
attack,
e (Cj— the total roll moment coefficient,
e Cj — the rolling moment coefficient derivative with roll rate,
* Cus C, ;5 Cug — the pitching moment coefficient derivative with the angle of at-
tack; the rate of change of the angle of attack and pitch rate, respectively.
For aerodynamic coefficients in Tab 1, the coefficients C4, Cp, and Cj, correspond to
the angles @ = 0 and = 0. The remaining coefficients correspond to the angles 8= 0 and
%= 0. Because the rocket is axially symmetrical, aerodynamic expressions for the angles

aand B, @ and ¥ are the same. Then, Cnp= Co CNﬁ =Chy s Cup = Cna; C”ﬂ =C,;;
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Cur = Cimg Where Cng; C, j are aerodynamic coefficients corresponding to the projection of

the resultant aerodynamic force on the axis OY; Cyp; Cn FE
cient derivative with sideslip angle; the rate of change of sideslip angle and yaw rate,
respectively;

C,r are yawing moment coeffi-

Tab. 1 Aerodynamic parameters of the rocket [5]

C, Cua C

Na

Cp C C C,, c

Ip ma ma mg

[-] [rad”'] | [-] [-] [-] | [rad”'] (-] (-]

0.2 0.340 8.57 | -52.1 | 0.075 -8.2 -53.9 -96.6 -2543
0.4 0.305 9.10 | -52.1 | 0.076 -8.3 -54.4 -99.4 —2547
0.6 0.291 9.48 | =52.1 | 0.077 -8.4 -55.1 | —-104.6 -2539
0.8 0.290 9.82 | -52.1 | 0.076 -8.4 -544 | -112.6 -2473
1.0 0.391 9.99 | -52.6 | 0.077 -8.4 -55.0 | —-124.0 —2423
1.1 0.445 10.16 | =53.0 | 0.094 -8.7 -62.0 | -131.2 -2676
1.2 0.444 10.00 | =53.0 | 0.102 -8.9 -65.7 | -140.0 -2781
1.3 0.349 10.08 | —63.5 | 0.110 -9.0 -66.0 | —144.5 -2877
1.4 0.345 10.34 | —659 | 0.123 | -10.0 | =734 | -1474 -3068
1.5 0.333 1044 | —67.0 | 0.128 | -10.0 | -70.0 | —148.8 -2281
1.6 0.322 10.59 | —-67.7 | 0.126 -9.8 —68.0 | —148.8 -2282
1.8 0.304 10.67 | —68.6 | 0.120 -9.3 -63.0 | —150.8 2175
2.0 0.287 10.13 | —68.9 | 0.113 -8.7 -57.7 | -151.2 -2188
2.2 0.271 9.05 | -68.7 | 0.105 -8.1 -37.7 | -150.9 —1841

Mach

Resultant normal force coefficients corresponding to the angles a and £ are denoted
C% and CZ%. In accordance with the aerodynamic coefficients in Tab. 1 for rockets, Cy

and C]f,? are determined using the following formula [6-8]:

. ¢ .
Cy = Cuo @+ Cy

ra ,
CR=Cup BB+ Cy B (20)
CN,E = CNa; CNﬂ = CNd
where ¢ is the rocket diameter.

C,; CJ; Cl are the aerodynamic coefficients on the Body coordinate system OXYZ.

Their conversion to the velocity coordinate system is represented by the conversion ma-
trix between the two coordinate systems as shown below:
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c, cosacosfS —cosasinB sina || C,
C, |=| sinf cosfB 0 Cy (21)
C —sinacosf sinasinfB  cosa || C%

Y,

Accordingly, the aerodynamic force and moment components are determined by the

formula [6-8]:

D=75[T,
L=g51C, (a)

Y, =g, (B)

LR =6SE(CI() +%Clp mrj

M :@S’E Cmam-i-Lcmdm-'—icm D")\
2V 2v "

c . C
N=gSc| C +—C  [B+—C, [
q ( nﬁw 2V ,,/;w 2V nr &j

. . __1 . . . .
where ¢ is the dynamic pressure, g = 3 PV? with p is the air density.

3.2. Motion Trajectory

(22)

The internal and external ballistic parameters of the rocket are taken from [9], and shown
in Tabs 2 and 3.

Tab. 2 Internal ballistic parameters of the rocket [9]

List Quantity Value Unit
1 Propellant mass 20.5 kg
2 Propellant burning time 1.88 S
3 Mean thrust 21 000 N

Tab. 3 External ballistic parameters of the rocket [9]

List Quantity Value Unit
1 Diameter of the rocket 0.122 m
2 Mass of the rocket 66.6 kg
3 Length of the rocket 2.870 m
o |Dise o e cmeralammivie | ups1 | m

Distance from the center of gravity to
5 the distributed center of the motor nozzle 1.513 m
system
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List Quantity Value Unit

Moment of inertia respect to the rocket’s

6 . 0.149 kg-m?
symmetry axis

7 Equatorial inertia moment 51 kg-m?

3 Time the rocket moves on the launcher at 012 <

firing angle 30°

The system of Eq. (16) is solved by the fourth-order Runge-Kutta method with
a case of the initial condition as follows [9]:

+ Vo=40 m/s; Joo=30° ao= po= Xao =0; y,, =-0.09 rad/s; v, = 0.02 rad/s,

+ The rocket does not contain the mentioned disturbance factors: er = 0; ey, = 0; A1 = 0.

Characteristics of the angle of attack and the sideslip angle are shown in Fig. 5; the
rocket’s trajectory in the firing plane is shown in Fig. 6.

g X 10
— angle of attack
— sideslip angle
=)
Y
Q@
o
C
©
1 1 ]
3 3.5 4

time (s)
Fig. 5 Characteristics of the angle of attack and the sideslip angle on time
3500
3000 -
2500 -

= 2000
£

=3
"~ 1s00 |-

1000 [~

500 -

o

L L L L L L L L '
o 2000 4000 6000 8000 10000 12000 14000 16000 18000
Xg (m)

Fig. 6 Trajectory of the rocket in the firing plane

The comparison between the calculated values and the values given in the firing ta-
ble is shown in Tab. 4.
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Tab. 4 Comparison between the calculated values and the values given in the firing table

Quantity Sign Calgill;ted Valufai)nlefiring Deviation Unit
Firing range Xmax 17 387 17 000 +2.27% m
Altitude ~Zmax 3058 2900 +5.45% m
Lateral deviation Yinax -0.7 (-130; 130) m
Flight time Tmax 50.1 48 +4.37% s

Fig. 5 shows that when the amplitude of attack angle decreases to zero and the side-
slip angle is almost zero, the rocket motion on the flight is stable. The amplitude of the
angle of attack is greater due to the influence of gravity which generates the initial angu-
lar velocity for the rocket axis in the vertical plane. Trajectory elements from calculating
agree well with the corresponding data in the firing table. Therefore, the mathematical
model and the aerodynamic coefficient ensure the required accuracy.

4. Effect of Thrust Deflection and the Deviation of Center of Gravity on Mo-
tion Stability of Fin-Stabilized Rocket

The influence of the thrust deflection and deviation of the center of gravity on the stability
of the rocket motion are evaluated by comparing the trajectories containing the disturb-
ance factors and the standard trajectory which does not contain disturbances. Some
parameters are compared including the characteristic of the angle of attack and the char-
acteristic of the sideslip angle and deviation of the trajectory falling points.

The characteristics of the angle of attack and the sideslip angle demonstrate the
rocket’s ability to maintain the standard direction in space, so they represent the level of
the rocket’s stability on the flight; the deviation of the falling point represents the accura-
cy of the trajectory compared to the standard trajectory. The rocket is stable if both
above-mentioned requirements are met.

The trajectory used for the investigation is presented in section 3.2. According to
[10] and [11], the allowable deviation of the falling point corresponds to the range of
Xmax = 17387 m as: AX =428 m; AY = 536 m.

Some cases of investigating the motion stability of the rocket in the presence of the
mentioned disturbance factors are presented in the following sections.

4.1. There is Only Thrust Deflection

When considering only the presence of the thrust deflection, then e, = 0; &, = 0; A few
cases of the thrust deflection were surveyed as:
a) e =0;Ar#0

The mathematical model is solved with different values of A and then the trajectory
deviations are compared with the allowable deviations. The maximum value of the thrust
deflection angle obtained was At = 0.002 rad. The stability characteristics of the trajectory
are investigated corresponding to the values: At = 0.0005; 0.001; 0.0015; 0.002 rad. The
characteristics of the angle of attack, the sideslip angle and deviation of the falling point
(compared to the standard trajectory) are shown in Figs 7-9.
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Fig. 7 Dependence of angle of attack on time

003
— Ar =0.0005
002 - — Ar=0.0010
— Ar=0.0015
0.01 — Ar=0.0020

-0.01

Sideslip angle (rad)
o

-0.02

-0.03 I I I I I 1 1 1

time (s)

Fig. 8 Dependence of sideslip angle on time
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Fig. 9 Dependence of the falling point deviation on the thrust deflection angle
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Discussion
According to Figs 7-9, some comments are drawn as follows:

the oscillations of the angle of attack and sideslip angle attenuate to zero so the
rocket oscillations on the flight are stable with these given angles. When Ar
increases, the amplitude of the angle of attack and sideslip angle also increases
while frequency and turned-off time is the same, so instability increases,

for each given value of A, the amplitude of the angle of attack is greater than the
amplitude of sideslip angle. This can be explained as follows: at the initial time,
the thrust is in the vertical plane, the moment in the vertical plane is great but the
moment in the horizontal plane is zero. In the next short period of time, due to the
small rocket’s spin motion is, the moment formed in the horizontal plane increases
slowly while the moment in the vertical plane decreases slowly. In addition, the
influence of gravity also results in a faster increase in the amplitude of the angle,
several other computational results for trajectories with thrust deflections that are
slightly greater than the allowable value (Ar = 0.002 rad) show that the rocket
motions on their flight are also stable. Based on this, the conclusion can be drawn
that when only taking into account the mentioned disturbance factors, if
trajectories ensure the allowable deviation of the falling point, the rocket motions
on the flight are stable but the opposite is not surely true,

the deviation of falling point increases and is linearly dependent on the increase of
the thrust deflection. Because in the motion equation Eq. (16), parameter Ar is
expressed in function sin At, the change of the trajectory elements at each time
depends on the change of function sin Ay, when At is very small, sin At = A7, so
this dependency is almost linear. The deviation of the falling point in range
direction increases faster than the deviation in the azimuth direction which is due
to the amplitude of the angle of attack that is greater than the angular amplitude.

b) At = 0.0015 rad; &r = 0°; 30°; 60°; 90°

The characteristics of the angle of attack; the sideslip angle and deviation of the fall-

ing point are shown in Figs 10-12.
Discussion
According to Figs 10-12, some comments are drawn as follows:

the rocket motions on the flight are stable. When the angle €t increases from 0° to
90°, the amplitudes of the angle of attack decrease, but the amplitudes of the
sideslip angle increase. That is due to the decrease of the moment arising in the
vertical plane and the increase of the moment arising in the horizontal plane,

the dependence of the falling point deviation on &r is sinusoidal. That is due to the
term sin&r in Eq. (16), when the angle &r is large, the change of trajectory elements
at each time depends on the change of sinér,

in Fig. 12, in the interval, 56° < €1 < 102°, the deviations of the falling point in the
azimuth direction exceed the allowed value. Meanwhile, the oscillations
corresponding to angles 56° < &r< 90° are stable on the flight. This result indicates
that although the oscillations are stable on the flight path, the firing accuracy may
not be guaranteed,

the deviation graphs get extremums at the angles &r approximately equal to 0° and
90°.
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Fig. 10 Dependence of angle of attack on time

0.06 -
—&r=0
0.04 — a=30°
= — &r=60°
g — & =90°
© 002
(o)
C
(0]
2
D 0
(0]
b
®
-0.02
0.04 I 1 1 I 1 I I |
0 05 1 15 2 25 3 35 4
time (s)
Fig. 11 Dependence of sideslip angle on time
700
600 — AX
500 — AZ
200
300
. 200
£ 100
=]
(o]
_100 © 30 60 120 150 210

-200
-300
-400

-500
€T (deg)
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4.2. Deviation of the Center of Gravity

When considering only the presence of deviation of the center of gravity, then Ar = 0;
er=0.

Consider the case of deviation of the center of gravity in the vertical plane, &, = 0.
The mathematical model is solved and then the trajectory deviations are compared with
the allowable values. The maximum value of deviation of the center of gravity enm is
0.0024 m. The stability characteristics of the trajectory are investigated for the values:
em = (0.0005; 0.001; 0.0017; 0.0024) m. Deviations of the falling point (compared to the
standard trajectory) are shown in Fig. 13.
Discussion
This case is similar to the case of 4.1-a, but the moments generated in the planes are
opposite to the case of 4.1-a, so the characteristics of the angle of attack, sideslip angle
and deviations of falling point are in the opposite direction to case of 4.1-a.
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Fig. 13 Dependence of the falling point deviation on the deviation of the center of gravity

4.3. Combination of Thrust Deflection and Deviation of Center of Gravity

According to the calculation results presented above, when not taking into account the
initial disturbance factors and appearing on the flight, then the stability of the rocket mo-
tion can be assessed by the deviation of the falling point. Also in actual combat, the
accuracy of the falling point is one of the most important criteria. These reasons show that
it is necessary to determine the limits of disturbance factors for ensuring the firing accu-
racy. Some calculation results that determine the limits of mentioned disturbance factors
when combining them are presented in Tab. 5:

Tab. 5 Some limits of disturbance factors

er [°] &n [°] At [rad] em [m]
0.0015 (—0.0008, 0.00464)
0.0010 (=0.00153, 0.00388)
60 0.0010 (-0.0024, 0.00233)
90 60 0.0010 (-0.00444, 0.00077)
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Discussion

The results in Tab. 5 show that, for each disturbance factor, there is a set of values for the
remaining disturbance factors, respectively, determining their limits, ensuring the accura-
cy of the trajectory. The limits are different. Based on the limits, it can be determined
whether the rocket motion is stable or not.

5. Conclusion

The article established a mathematical model for unguided-rockets motion taking into
account the thrust deflection and the deviation of the center of gravity. The mathematical
model is solved for a specific unguided-rocket to predict its standard trajectory and devia-
tion trajectories, thereby evaluating the effect of thrust deflection and deviation of the
center of gravity on the rocket’s motion stability.

All mentioned turbulence factors cause instability to rockets on the flight and cause
the falling point deviation. The deviation of the falling points is almost linearly dependent
on Ar and en and sinusoidal dependent on &r and &». In addition, disturbance factors affect
each other, increasing or reducing the influence of the remaining factors on the rocket’s
motion stability. When considering only the mentioned disturbance factors, the falling
point accuracy can be considered as a criterion to evaluate rocket’s motion stability. The
determination of limits for disturbance factors when they combine together is important in
the exploitation and use of rockets containing disturbances.

The results in this article can be a reference for the calculating, designing and using
rockets.
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