Taylor & Francis

Taylor & Francis Group

AVIATION
ISSN 1648-7788 print / ISSN 1822-4180 online

2014 Volume 18(1): 20-27
doi:10.3846/16487788.2014.865943

CONTROL OF DESIGNED TARGET SEEKER, USED IN SELF-GUIDED
ANTI-AIRCRAFT MISSILES, BY EMPLOYING MOTORS

WITH A CONSTANT TORQUE

Daniel Gapinski, Konrad Stefanski

Faculty of Mechatronics and Machinery Design, Kielce University of Technology,

E-m

al. 1000-lecia PP 7, 25-314 Kielce, Poland
ail: tu_daniel_kielce@wp.pl (corrersponding author); stefan5@interia.pl

Received 11 November 2013; accepted 28 February 2014

Daniel GAPINSKI, MSc, Eng.

Education: 2000 to 2005 —MSc (Eng.) degree in Mechanics and Machine Building, Kielce
University of Technology, Faculty of Mechatronics and Machine Building. Specialization:
Armament Technologies. 2005 to 2006 — military rank: Lieutenant, Polish Air Force
Academy in Deblin.

Affiliations and functions: 2012 to present — Assistant Lecturer, Kielce University of
Technology, Department of Computing and Armament.

Research interests: computer programming, dynamics and control of optical scanning
seekers in anti-aircraf missiles.

Publications: author of 1 scientific article and co-author of 4 scientific articles. Author and
co-author of 5 conference papers.

Konrad STEFANSKI, PhD, Eng.

Education: 1996 to 2000 — MSc (Eng.) degree in Civil Engineering, Kielce University

of Technology, Faculty of Civil Engineering. 2010: PhD degree in Mechanics, Military
University of Technology in Warsaw, Faculty of Mechatronics, Specialization: Construction
and Control of Flying Object.

Affiliations and functions: 2003 to 2011— Assistant Lecturet, Kielce University of Techno-
logy, Department of Vehicles and Mechanical Equipment. 2011 to present — Assistant Pro-
fessor, Kielce University of Technology, Department of Computing and Armament.
Research interest: control of mechatronics devices with an emphasis on quality control.
Publications: author of 3 scientific articles and co-author of 25 scientific articles. Author
and co-author of 27 conference papers.

Abstract. This paper presents the results of research on control of a designed target seeker (Gapinski, D. 2008),
which was carried out using of the so-called “signum” function. The technical feasibility of controlling the seeker axis
in the phase of searching the air space with the simultaneous consideration of the process of scanning through the
optoelectronic system of the head was verified. The numerical analysis of the device dynamics was presented and the
analysis of the possibility of practical application previously mentioned method for the control of the designed seeker
was conducted. The results are presented in a graphical form as well.
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1. Introduction

enz et al. 2012; Rueger, Zoz 2012; Anderson et al. 2010).

Structural solutions for optical scanning heads are being It emerges among others from the dynamic technological
continuously improved by the biggest armaments compan- development of air attack means. On present battlefields,
ies in the world, as proven by most recent European and the opponent has the equipment enabling to carry out air

American patents published in the years 2006—-2012 (Bar-

combat missions with greater and greater precision and
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with greater velocities. Furthermore, for several years, dis-
ruptions caused by the target have been applied in order
to mislead the seeker optical system (ostensible targets).
The paper presents the design of such a device, while its
innovation, structure and principles of operation were
presented in the patent specification (Gapinski 2008). The
paper discusses the possibility of controlling the designed
scanning and tracking head with the use of electric motors
with a constant torque, whose rotary velocity directions
are specified according to the method based on the so
called function “singnum’, and described among others in
(Osiecki, Stefanski 2003, 2008; Stefanski 2004).

2. Design of the scanning and tracking head

Figure 1 presents a 3D visualisation of the designed head.
A detailed description of the design, including the list of
parts, is included in the patent solution (Gapinski 2008).
The main components of the seeker include: complete
spherically-shaped outer housing (1), complete spheric-
ally-shaped inner housing (2), as well as gyroscope rotor
together with the optoelectronic system (3). The inner and
outer housing constitute the Cardan joint, due to which
the rotor, together with the optoelectronic system, is sep-
arated from the missile base (maintains the set direction
in space), and it is possible to precisely control the seeker
axis. The designed head has two modes of operation. In
the first mode, the head searches the air space in order
to detect and locate a flying object, whereas in the second
mode, it tracks the located target. In this article, the first
mode of operation is analysed, during which the control of
the head axis with the “signum” function was performed.

The moments of inertia of individual elements of
the seeker have been calculated in relation to respect-
ive axes of the adopted systems of coordinates (Fig. 2).
The beginnings of all such systems overlap and are at the
intersection of the axis of rotation of the outer housing
with the axis of rotation of the inner housing of the head.
Maximum torques of individual motors, controlling the
outer and inner housing, have been determined based on
the previous analysis of the seeker dynamics.

The process of scanning the air space by the opto-
electronic system of the device in its first mode of opera-
tion is shown in figure 3. The figure presents the surface
scanned by the seeker which is 3000 [m] away from the
firing position. The scanning time amounts to 0.178 [s].
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Fig. 1. 3D visualisation of the designed target seeker

21

complete
spherically-shaped
outer housing

Z,
2z

v

complete
spherically-shaped
inner housing

Fig. 2. The diagram of the head, including the adopted systems
of coordinates
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3. Mathematical model

Figure 3 presents the diagram of the gyroscope of the
designed scanning and tracking head, including the ad-
opted systems of coordinates and angles of rotation of
those systems in relation to each other.

The following systems of coordinates have been
marked on figure 2:
OX Yy Zy - system of coordinates connected with the
set direction in space which should be maintained by the
scanning and tracking head;
OXpYpZp - mobile coordinate system connected with
the missile on which the head is mounted;
OXc;YcyZ7 — mobile coordinate system connected
with the gyroscope outer housing;
OXcyYeyZy — mobile coordinate system connected
with the gyroscope outer housing;
OXRpYpZp - mobile coordinate system connected with
the rotor.
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Fig. 3. Scan of the air space by the optoelectronic system of the
seeker in its first mode of operation

Angles of rotation and their order are as follows:
y is the angle of rotation OX,Y-,Z, in relation to
OXpYpZp around axis Zy, ;
9 - angle of rotation OX Yoy Zow in relation to
OXcy Yoy Zoy around axis Xy s
¢ - angle of rotation OXpYpZ,
OXcewYowZew around axis Yy .

in relation to

Angles y,3,¢ specify the location of the gyro-
scope rotor in relation to the system of coordinates
OXpYpZp . The seeker axis motion can take place un-
der the influence of moments of external forces M,
and My, , coming from angular motions of the missile
deck and determined with the use of angular velocities
(DXP > O)YP >
axes of the system OXpYp,Z, with respective angles

®,, , causing its rotation around individual

axp OLJ’P OLZP

and My, , generated by the controlling motors.

and under the influence of moments My,

The equations of gyroscope motion have been in-
troduced based on the adopted physical model using the
Lagrange equations of the second kind (Awrejcewicz,
Koruba 2012; Chatys, Koruba 2005). They employed
equations are as follows:

J +J

Xy E(sz X3 mez +

_(]yz_]zz_lza)m)’zmzz+; (1)

_])’3 (D}’s 0)22 = MW _MTW
d d .
]Z1 Emzl +]y2 E(wh sm8)+

+I., %(“)zz C059)+]y3 %((Dy3 sin 9)+

d
“@ _ _ ; (1b
+]Z3 dt(wzz cos\‘}) (]xl ]y1>0)xlooyl+ (1b)
—(IXZ +]x3 )coXZm},l +]J’20)J’20)x1 cos 3+

—(]22 +]z3)oozzmx1 51n9+]),3oo),3oox1 cosd =
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where: ]xcz’]Ycz’]Zcz indicate moments of iner-

tia of the complete outer housing; ]ch’ ] Yew® ]ch
indicate moments of inertia of the complete inner
}Lousing; ]xR ’])’R ’]ZR — moments of rotor in_e:rtia;
®p (x)xp,(nyp,wzp) - missile angular velocity; M, -
moment of missile forces interacting on the outer hous-
ing; ]\_;IW - moment of forces of the outer housing in-
teracting on the inner housing; M g — moment of forces
of the inner housing interacting on the rotor; MTR -
moment of friction forces in rotor bearings and aerody-
namic resistance; J\_;ITW = CWQ , ]\_;ITZ =c, - moments
of friction forces in the bearings of respectively inner
and outer housing; c,,,c, - friction coefficients in the
bearing of inner and outer housing.

Angular velocities of individual seeker housings are

as follows:

O, =0, cosy+w, siny;

Xcz Xp v Jp Vs
=— iny+ ;

Oy, O, Siny+o, cosy;

O,., =V+o, ;

(Dxcw = mxcz +9;

O, =0, cosS+mzCZ sind;

o) =—m, sind+w®, cosI.
Zcw Ycz Zcz

In order to increase the area of scanned space, the
seeker axis is set in the programmed motion, for ex-
ample on the surface of an unwinding spiral. The control
of the motion of the head axis was carried out based on
the method described in (Osiecki, Stefanski 2003, 2008;
Stefaniski 2004). The presented method of controlling
the motion of the axis of the designed target seeker uses
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phase trajectories of control deviations. This method
involves switching, with the use of control signals u
and v, control moments, constant in terms of value,
at the appropriate points of phase surface. The switch-
ing should bring the control deviations to zero. During
this control phase, angles 3,y , determine the set (de-
sired) motion which should be made by the axis of the
scanning head.

The converted equations of motion of the seeker
(la—c) will be written in the following form:

§= Mg, -u—Mrpy, _(]xz +]x3) (bxl
]xz +]x3

+

; (22)
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where Mg, = Mg, = const indicates control moments;
and n=® indicates angular velocity of the rotor [rad/s].

Control signals # and v have been formulated as
follows:

u=—sgn(e1); (3a)

v:—sgn(ez), (3b)

where e, and e, indicate control deviations which have
the form of:

el :S_SZ

. (4)
& =Y—-Vy

23

4. Presentation of analysis results

Numerical research was conducted for the first opera-
tion mode of the designed scanning seeker intended for
close-range surface-to-air missiles.

4.1. Numerical data of the optical target seeker

The numerical data obtained from the optical target
seeker were as follows:

Rotary velocity of the rotor: n =600 [rad/s].

Friction coefficients of inner and outer housing in the
bearing: c,, =c, =0.05 [Nms].

Maximum torque of controlling motors:
Mg max = Mgymax = 0.8 [Nm].

Moments of rotor inertia: ]xR =0.00114143 [kgm?];
Jy, =0.00157911 [kgm?]; ] . =0.00158234 [kgm?].
Moments of complete inner housing inertia:
Jxcw =0.0016663 [kgm?]; ]y =0.0011666 [kgm?];
J.cw =0.0011463 [kgm?].

Moments of complete outer housing inertia:
J «cz =0.0003383 [kgm?]; Jy,, =0-0002213 [kgm?];
J.cz =0.0002583 [kgm?].

z

4.2. Numerical simulation results

Figure 4 presents the direct detection of an air target
moving with the velocity of 200 [m/s], which is 2000 [m]
away from the firing position. The time required for de-
tecting the target amounted to 0.144 [s]. The set angular
coordinates of the location of the detected target in rela-
tion to the seeker axis are as follows: By =—0.913 [deg],
ﬁy =-1.573 [deg].
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Fig. 4. Direct detection of air target

If the target is not detected directly through the
optoelectronic system of the seeker, the optical axis of
the head will be automatically set according to the pro-
grammed motion and, as a result, the scope of scanned
space will be increased.

Control of the seeker axis was realized by setting its
motion on the surface of a circular cone and on the sur-
face of the unwinding coil. The torques of the controlling
motors then assume a constant value of 0.8 [Nm].
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Figures 5-10 present the results of digital simula-
tion of the scanning head axis control by setting its mo-
tion on the surface of a circular cone at the same time
taking into consideration air space scanning by the opto-
electronic system of the device. The target was moving at
a 200 [m/s] velocity and was 2000 [m] away from the fir-
ing position. Figure 5 presents the diagram of the set an-
gular velocity of the seeker axis moving on the surface of
a circular cone. In the initial phase of control, the scan-
ning head axis accelerates until the moment it achieves
the set angular velocity amounting to 360 [deg/s]. In the
further phase of control, the angular velocity of the axis
is maintained at a constant level of 360 [deg/s].

400 T T T T T

3501 1

3001 1

2501 1

2001 3

o, [deg/s]

1001 1

501 1

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Fig. 5. The set angular velocity of circling around a circular
cone by the seeker axis

Figures 6 and 7 present the trajectory that was set
and is followed by the seeker axis, while figure 8 presents
air space search performed by the seeker and target de-
tection.
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Fig. 6. The trajectory of the set T,, and the actual T, motion
of the seeker axis

The time for target detection amounted to 0.887 [s],
while the set angular coordinates of detected target loca-
tion were & =—4.897 [deg] and € = —1.474 [deg]. Angles
€ and o determine the current location of line-of-sight

in space, and are determined systematically by the op-
toelectronic system of the scanning head. In figure 4 the
angles are equal respectively By =o, By =€ because
the seeker axis overlapped with the axis of the missile.

35 -34 33 -32 -31 -3 29 -28 -27 -26 -25
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Fig. 7. An enlarged section of the set T, trajectory and the
actual motion Ty of the seeker axis
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Fig. 8. Air space search by setting the seeker axis into
programmed motion on the surface of the circular cone and
detection of air target
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Fig. 9. The control moment of seeker inner housing
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Fig. 10. The control moment of seeker outer housing

Figure 11 presents the diagram of angular velocity
set for the seeker axis in its motion on the surface of the
unwinding spiral. At the same time scanning of air space
by the device’s optoelectronic system is considered. The
target was moving with the velocity of 30 [m/s] and was
1500 [m] away from the firing position. In the initial
phase of control, the head axis accelerates until it achieves
the set angular velocity which amounts to 180 [deg/s].
In the further phase of control, the angular velocity of
the axis is maintained at a constant level of 180 [deg/s].
Figure 12 presents the trajectory set and carried out by
the seeker axis, while figures 13-16 present the rotation
set and carried out by individual housings of the seeker.
The search of air space by the seeker and detection of
the target is shown in figure 17. The time required for
target detection amounted to 8 [s], while the set angular
coordinates of the location of the detected target were
6 =0.486 [deg] and € =14.89 [deg].
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Fig. 11. The set angular velocity of the seeker axis when in
motion on the surface of an unwinding spiral
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Fig. 12. The trajectory of the set T, and the actual motion
Ty of the seeker axis
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Fig. 13. The desired and actual rotation of the outer housing
around the axis Z.,
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Fig. 14. An enlarged fragment of the diagram showing the
desired and actual rotation of the outer housing around the
axis Zcy
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Fig. 15. The desired and actual rotation of the inner housing
around the axis Xy
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Fig. 16. An enlarged fragment of the diagram showing the

desired and actual rotation of the inner housing around the
axis Xy
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Fig. 17. The search of air space by setting the seeker axis into

a programmed motion on the surface of the unwinding spiral
and detection of air target

5. Review of analysis results

From the conducted numerical simulations it appears
that the control of the designed target seeker with
the use of electrical controlling motors with constant
torques is done with sufficient precision for self-guid-
ance. The use of the above indicated motors significantly
simplifies the whole system of controlling the head.
Due to this solution, it is possible to replace the voltage
controller with a very simple and fast led or semi-con-
ductor system. The task of such a system is only limited
to generating control signals in the form of electrical
impulses of the values: 1, 0 or —1. The control signals
are generated on the basis of control deviations, which
are systematically determined by the fibre-optic sensors
of angular displacements installed in the device. From
the analysis of the course of control moments presented
in figures 9, 10, 18 and 19, it appears that the frequency
of controlling impulses does not exceed 10 [kHz]. This
proves the technical feasibility of the method of seeker
axis control presented in the article as semi-conductor
switches currently present in the market are able to gen-
erate control impulses with such a frequency.
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