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Abstract. This paper discusses tests designed to determine the dynamic reactions
occurring in the bearings installed as aligned with the axis of rotation of a rotor for
a new design of IR seeker. The seeker is intended to detect and track airborne targets
that emit electromagnetic radiation in the infrared spectrum. The tests included dynamic
reactions from the rotation of the rotor and reactions from the overloads applied to the
seeker during the flight of its rocket missile. The test results are represented in a graphic
format.
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1. INTRODUCTION

IR homing seekers require a very high precision of manufacturing
[1, 2]. The design solutions for these products are constantly improved [3, 4, 5],

This work has been compiled from the paper presented during the 11th International Armament Conference on Scientific Aspects of Armament
and Safety Technology, Ryn, Poland, September 19-22, 2016.


mailto:tu_daniel_kielce@wp.pl

74 D. Gapinski

since the detection and position determination of a target in actual combat
conditions requires ever-increasing operating precision and speed [6]. The
rocket missiles equipped with IR homing seekers must also meet increasingly
stringent requirements. IR homing missiles have seen improvements in both
manoeuvrability and flight speed; both increase the overloading forces applied
to the homing seekers. The seeker rotor is a critical component that is most
exposed to dynamic overload. It is therefore important to determine the
overload values present in the rotor mounting.

[N]

Fig. 1. Seeker rotor

Figure 1 presents a 3D model of the rotor for the designed optoelectronic
seeker [7]. The seeker’s design and operating principles are explained in [8]. To
effectively track manoeuvring airborne targets operating at supersonic speeds,
the rotor rotational speed optimal for the operating specifications of the seeker
was established at 10000 rpm [9]. During the seeker’s pre-programmed search
in the air space and tracking of a detected target, unfavourable inputs may occur
from the dynamic reactions of the seeker’s rotor bearings. The largest
contributor to these dynamic reactions will be the dynamic imbalance of the
rotor and the longitudinal overloads from the launch of the rocket missile, as
well as the lateral overloads from the rocket missile’s manoeuvres along the
flight trajectory. Both contributors are construed as interferences in the proper
determination of the angular coordinates of the air target detected by the seeker.
Determining the values of these dynamic loads sets the preconditions for the
optimum selection of the bearings for the seeker rotor.
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2. MATHEMATICAL MODEL

Figure 1 shows the rotor of the new seeker design. Once ramped up to its
operating speed, the rotor revolves at a constant angular velocity @ along its
axis of rotation that is supported by bearing A and bearing B. If the rotor
angular velocity is kept steady, the total of the moments relative to the axis of
rotation is zero for all external forces applied to the spinning rotor. Hence, it is
appropriate to focus on determining additional reactions within bearing A and
bearing B from the rotor's rotational motion and the longitudinal and lateral
overloads from the movement of the rocket missile, or the dynamic reactions of
the rotor. A stationary coordinate system x, y, z for this determination analysis
with axis y aligned with the rotor’s axis of rotation.

The rotor’s dynamic reactions R, and Rg to be determined were split into
the components Rax, Ray, Raz and Rgy, Ry, Rs;, as shown in Fig. 2.

Fig. 2. Forces applied to the seeker's rotor

These components can be determined with d’Alembert’s principle, by
which dynamic reactions are compensated for by the forces of inertia. If the
total rotor weight is m, and it is focused in a material point designated as such
and described with the coordinates Xsm, Ysm: Zsm, Which define the rotor’s centre
of mass position relative to the stationary coordinate system x, y, z, then, given
the fixed rotational speed @, the force of inertia of this material point is

a component of the centrifugal force F,=&?rm, and of the overload force
o My, where r is the distance of the point m, to the rotation axis y, whereas

a, Is the acceleration of the rocket missile of the seeker. The centrifugal force
perpendicular to the rotation axis y can be split into two components parallel to
the x and z axis.

F, =4
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These components are F,, =F, -cos(w-t)and F,, =F, -sin(w-t). The
overload force can be split into three components parallel to the x, y and z axis.
These components are, respectively: F,,=a,m;, F

=a, m, and

yp — Gy
sz =a, m,, where a,, a, and a, are projections of the vector a on the

following axes, which are respectively: x, y, z of the stationary coordinate
system.

The total reactions within the seeker rotor bearings are described by the
following relations:

1
RAx =Fxo + I:xp _I'(Fxo'ysm + I:xp'ysm _pr'xsm):
—w?.r-m, -cos(w-t) +a, -m, —%(w2 r-m, -cos(@-t)- yq, + (1)

+ax'mr'ysm_ay'mr'xsm)

1
Rex =_'(Fxo “Yem t I:xp'ysm - pr 'Xsm)=

- 2)
1 2
Zt(a) 'r'mr’cos(w't)'YSm+ax'mr'YSm_ay'mr'Xsm)
1 ay -my
RAy:RBy:E'prz > 3)
1
RAz=on+sz_I'(on'ysm+sz'ysm_pr'Zsm)=
=w?-r-m, -sin(w-t)+a, m— 4)
1 .
+E'(w2'r'mr'Sln(a)’t)'ysm+az'mr'ysm_ay’mr’zsm)
1
RBz :E(on “Yem t sz “Yem — pr ) Zsm):
1 2 .
=I-(a) r-m,-sin(@-t)- ygn + (5)

+a, -m, 'ysm_ay’mr'zsm)

To determine the approximate values of the accelerations Fy,, Fy,, and F,
applied to the seeker in flight, a general kinematics model of the seeker must be
formulated.
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Figure 3 shows the targeting coordinate system, XcoYcelZcer s typical of

homing rocket missiles. This targeting coordinate system with the vector ' that
binds the rocket missile to its target enables the determination of the position of
the rocket missile relative to its target. The axis yc, is directed from the rocket

missile’s centre of mass P to the target’s centre of mass C. The coordinate
system XcycZc is bound to the target, whereas the axis y¢ is aligned with the
velocity vector of the target. The coordinate system x,y,z, is bound to the rocket
missile, whereas the axis y, is aligned with the velocity vector of the rocket
missile. The coordinate system xwywzw iS the stationary coordinate system
bound to the rocket missile launcher and thus an inertial frame of reference.

Fig. 3. Adopted coordinate systems

Based on the adopted coordinate system, kinematic relations between the
rocket missile and its target were derived [10]:

% = V¢ -[cos(zc ) - c0s(a) - cos(z — y¢ ) +sin(xc ) -sin(o) |+ (6)

—Vp -[cos(p) - cOS(c) - COS(e — 7p ) +sin(xp ) -sin(o)]

de _ —vg -cos(xc) sin(e — y¢) +Vp - coS(xp) sin(e - yp)
dt r-cos(o)

(7)
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T =tove leostze) sin(o)-coste -7 -sinGre) os@)l e

+Vp[cos(xp)-sin(c) - cose — yp) —sin(xp) - cos(o)] }/ r

where:
Ve — target velocity,

Vp — rocket missile velocity,

vp, ¥p  —rocket missile flight angles,

ve, xc —target flight angles,

&0 — target observation angles,

r — distance from the rocket missile to the target.

Through equations (6) to (8), the method of homing the rocket missile in
on the target can be expressed by what is referred to as the proportional
navigation method [11, 12]:

dyp de
P == 9
dt  *dt ®©)
dlp do
dt 2 dt (10)

where:
a,;,a, are constant factors of the proportional navigation homing
method.

Next, the overload forces applied to the rocket missile were expressed in
the following kinematic form [10]:

n, =V§-zp —sin(rp) -sin(xp) (11)
n, =—%’+sin(yp>-cos(zp) (12)
n, =—V§ 7p -COS(zp) — COS(7p) (13)

where g is the Earth’s gravitational acceleration.
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The formulas (10) to (13) served to determine the approximate values of
the forces Fy,, Fy, and F,, applied to the seeker mid-flight of the rocket missile:

I:xp:ax'mr:nx'g'mr (14)
Fyp=2ay,-m =n,-g-m (15)
sz:az‘mr:nz‘g'mr (16)

3. TEST RESULTS

The following shows a selection of the computer simulations of the
dynamic loads applied to the rotor bearings of the new optoelectronic seeker
design, and the resulting dynamic reactions within the seeker’s rotor bearings.

3.1. Seeker rotor parameters

Rotor centre of mass relative to the axis x, y, z:
Xsm = 0.000234 m ; Y4 =0.028 M ; z;n =0m

Distance of the centre of mass from the rotation axis y:
r=,x; +z. =0.000234m

Rotor mass: c.
Rotor rotational speed: n = 1050 rad/s ~ 10 000 rpm
Bearing to bearing distance: L= 0.042 m

3.2. Determination of the dynamic reactions within the seeker rotor
bearings while the rocket missile is homing in on an intercept
course and without any dynamic balancing of the rotor

This simulation was completed at the target flight velocity v, = 300 m/s.
The target's position relative to the rocket missile launcher at the time of target
detection by the seeker was: xyw =50 m, yyw = 2600 m, zyy = 500 m. The distance
to the target at the time of target detection by the seeker was: r = 2681 m. The
distance to the target during the launch of the rocket missile was: r = 17 458 m.
Fig. 4 shows the trajectories of the target and the rocket missile. (1) is the target
flight trajectory over the total time delay T that determined the time from target
detection to the launch of the rocket missile [13]. (2) is the target flight
trajectory after the launch of the rocket missile. (3) is the rocket missile flight
trajectory.
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Figure 5 shows the velocity of the rocket missile. (1) is the rocket missile
velocity during the launch motor burn. (2) is the rocket missile velocity during
the sustainer motor burn. Figs. 6 and 7 show the overload forces applied to the
rocket missile mid-flight through which the dynamic forces applied to the
seeker rotor were calculated in (14) to (16). Moreover, the simulations
accounted for a rotor imbalance applied as a run-out of the centre of mass
imposed by the design of the device and its manufacturing inaccuracy.

Figures 12 and 13 show the total (resultant) dynamic reactions applied to
the bearings of the seeker rotor mid-flight of the rocket missile. The
components of the reactions listed are shown in Figs. 8 to 11 and in Fig. 18.

Targethit 600
T 2 . | 500
750- e L L
B X L — 400 5
E 500 : E 300
N&zsog ii_,_;_f_v 5“200—
L - E A 100l
0 500 1000 1500 2000 o500 200 \‘Q ; ; .
vy [m] t % 1 2 3 4 5 6 7
([s]
Fig. 4. Flight paths of the target and the Fig. 5. Rocket missile velocity
rocket missile
5 40
0 30}
&r\
< < 920
-5k
10_
-10- ‘
o 1 2 3 4 5 6 71 O 7
1[s]
1[s]
Fig. 6. Lateral overloads of the rocket Fig. 7. Longitudinal overloads of the

missile rocket missile



Determination of Dynamic Reactions in the Rotor Bearings of a New Design... 81

310

2000}

I!” -
‘“f I

H\ \I“u | |HH gl MHH ! u\Hu

o

RBx[N]

-305

i i i i 0 1 2 7-
3,;[3]4 t[s]
Fig. 8. Reaction Ry Fig. 9. Reaction Rgy
400 ; ‘
Il\ I\ . I | L “ . 222 | : i l‘w |
_ Wﬁ sannd. . - W veww !”|‘| Al
= = oM
Q | — i i L h £ _100 \‘ ‘I —
= |\|||un Iy ;I iyl 3|\|| I‘.‘ = ol M |||u dhohaill,. B
I 400y 54 5 6 7
1[s] 1[s]
Fig. 10. Reaction Ra, Fig. 11. Reaction Rg,

il L '

3{ [s] ¢ . f [5]

Fig. 12. Reaction Ra Fig. 13. Reaction Rg



82 D. Gapinski

3.3. Determination of the dynamic reactions within the seeker rotor
bearings while the rocket missile is homing in on a trajectory
shown in Section 3.2, following dynamic balancing of the rotor

The balancing of the seeker rotor should provide the best possible
alignment of the rotor centre of mass m, with the rotor rotational axis so that
r is as close to zero as possible. In actual conditions, a perfect dynamic balance
is not possible; however, the most perfect dynamic balance possible may reduce
the dynamic reactions within the rotor bearings. In this section of the paper
a dynamic balance of the rotor was adopted at one order of magnitude; hence, it
was assumed that the distance of the rotor centre of mass to the rotor rotational
axis was reduced to r = 0.0234 mm. The corresponding simulation results are
shown in Figs. 14 to 21.
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Figs. 20 and 21 show the total (resultant) dynamic reactions applied to the
bearings of the seeker rotor with dynamic balance. The components of the
reactions listed are shown in Figs. 14 to 18. Fig. 19 shows the total (resultant)
force applied to the seeker rotor. (1) is the total force applied to the rotor upon
ramping its rotations. (2) is the total force applied to the rotor at the operating
rotational speed. (3) is the total force applied to the rotor during the launch
motor burn of the rocket missile. (4) is the total force applied to the rotor during
the sustainer motor burn of the rocket missile.

4. CONCLUSION

As suggested by the completed analysis, when the seeker searches the
airspace for a target and when the seeker’s rocket missile is in flight,
unfavourable inputs are applied to the homing seeker’s rotor in the form of
dynamic reactions within the rotor’s bearing system.



84 D. Gapinski

The largest contributor to these dynamic reactions will be the dynamic
imbalance of the rotor and the longitudinal overloads from the launch of the
rocket missile, as well as the lateral overloads from the rocket missile’s
manoeuvres along the flight trajectory.

While the impact of the dynamic loads on the seeker’s rotor generated
during the flight of the rocket missile could not be minimized, the loads
generated by the centrifugal force from the high rotational speed of the rotor can
be effectively reduced by the precise balancing of the rotor. A comparison
between the result sets in Section 3.2 and Section 3.3 shows that dynamic
balancing produced a pronounced reduction in the lateral reaction values of the
rotor bearings. A conclusion which may be drawn from these results is that with
the seeker rotor balanced, the highest dynamic reaction values will occur along
the lengthwise axis of the rotor. This suggests that bearings capable of
sustaining axial loads should be used. When comparing the pre-balancing lateral
reaction values to the post-balancing ones, it is evident that the balancing
applied in this case reduced the values by a mean of ca. 467%. Balancing the
rotor had no effect on the longitudinal loads applied to the bearings, however,
there was an effect consisting of a reduction in the total reaction values by ca.
126%. Despite a satisfactory reduction in the dynamic axial reactions within the
rotor bearings, further investigation requires a feasibility analysis for the
application of additional lateral vibration dampening of the bearings, the
damping frequency of which will be in tune with the angular frequency of the
rotor spin that was ca. 166.7 Hz.
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Okreslenie reakcji dynamicznych wystepujacych
w lozyskach rotora zaprojektowanej glowicy
skanujaco-Sledzacej

Daniel GAPINSKI

Politechnika Swietokrzyska, Wydzial Mechatroniki i Budowy Maszyn,
Al. 1000-lecia PP 7, 25-314 Kielce

Streszczenie. W pracy przedstawiono badania majgce na celu okreSlenie reakcji
dynamicznych wystepujacych w tozyskach zamontowanych na osi obrotu rotora
zaprojektowanej glowicy skanujaco-$ledzacej. Powyzsza glowica przeznaczona jest do
wykrywania oraz $ledzenia celdow powietrznych emitujacych promieniowanie
elektromagnetyczne w zakresie podczerwieni. W badaniach uwzglednione zostaly
reakcje dynamiczne pochodzace od ruchu obrotowego rotora, jak réowniez reakcje
wynikajace z przecigzen dziatajacych na glowice w trakcie lotu pocisku rakietowego.
Wyniki badan zaprezentowano w formie graficzne;j.

Stowa kluczowe: reakcje dynamiczne, mechatronika, glowica samonaprowadzajaca,
wykrywanie i $ledzenie celow



