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MODELING AND EVALUATION OFF INFRARED TRACKING SYSTIEMS
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ABSTRACT

The mathematical model of an infrared (IR) tracking system is developed. The sys-
tem considered has a gyro-stabilized IR optical eye with rotating optical chopper. The
dynamical equations of the gyro-mass assembly are derived. The equations that describe
the signal processing in the electronic section of the system are obtained.I'hus, the transler
functions that relates the precessional motion of the gyro assembly to the location of the
IR-spot relative to the gyro spin axis are established. A physical simulation of the invloved
system is then presented. A digital controller is employed to control the operation of the
simulated tracking loop. The control is achieved via the parallel interface bus (ne-1B).
The chopping action of the, f;yro rotating reticle is physically simulated by placing an en-
larged reticle in the front:t.;f an oscilloscope screen. The oscilloscope inputs are adjusted
such that the oscilloscope.spot traces a circle with angular frequency given by the gyro
spinning speed. The c]ectrémic part of the tracking system is inserted in the simulation
loop. This hardwarc-iri-th‘é,";loop procedure ensures that the simulation results are very
close to reality. Via this simulation setup it is possible to develop and design the critical
components of the system. In addition, the performance of the designed system can be
tested. Simulation results show that the steady state tracking errors and the behavior of
the tracking loop in' the traiusicnl, period are aflected by the IR spot intensity and size in
the reticle plane. :

INTRODUCTION
i

The objective %’an infrared tracking system is to provide information on the angular
location of a real apparant infrared source of radiation. These information is usually in
the form of estimates of the angular rates of the line of sight; i.e. the line in space joining
the source center and the radiation aperture of the tracker. The tracking system has an
optical axis which is the unique direction such that a fixed point source located in this
direction produces the static equilibrium state of the tracking system.

In the closed-loop tracking system, the signal caused by the detected error angle
actuates a derive servo mechnism to rotate the optical axis towards the line-of-sight. IR
tracking systems that are involved in guided weapons are commonly known as IR seckers.
The gyro-stabilized, solenoidal-torqued seeker is the most common structure. A magnetic
dipole integral with the gyro rotor and detector assemply reacts with a control current
which is passed through a solenoidal coil surrounding the gyro. The magnitude and phase
of this precession current controls the magnitude and direction of the precession rate of
the gyro rotor.
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Thus, the directional information necessary for IR spot tracking is extracted primarily
from the optical part of the sceker. Multidetector quadrant array may be utilized. In this
case, the error signals are derived by mathematical manipulations of the separate detectors
signals. There is another used configuration That utilizes single space- stabilized detector
with rotating chopping disk called reticle. This type is widely used in the design of many
tactical systems. The reticle pattern design is not straight forward and is-merely- goverened
by the system environmental conditions.

The rotating reticle can be viewed as a spatial filter. The fundamental objective of
this filter is to highlight the salient dimensional or space features of a particular object-such
as an airplanc- at the expense of the dimensional detail received from undesired radiation-
such as that received from clouds, horizons, lakes, etc [7]. To the author knowledge,
very limited number of open archival literature discuss the modeling and evaluation of
IR seekers. The dynamics of gyro- stabilized, solenoidal-torqued, quadrant detector seeker
assemply had been investigated [4] and a simplified model had been derived. In this paper,
the dynamical model of the gyro-stabilized, solenoidal torqued, secker having rotating
reticle and single detector is derived. It is assumed that a point target is located off-the
boresight axis of the optical system. The considered rotating chopper conliguration is such
that the IR detector signal is amplitude modulated with the source position infromation
being contained in the modulation signal. Thus, the modulating signal is used to control
the orientation of the spinning mass so that the optical axis of the seeker follows the moving
target. The equations that describe the operation of each subsystem in the IR tarcking
loop are constructed and the transfer function of the loop is then obtained. As well, a
physical simulation setup is constructed to evaluate the effect of a large number of system
parameters upon over-all performance of the secker. The secker components are broken up
into subsystems in order to lacilitate substitution of new reticle specimens and other optical
parts. The optical subsystem is physically simulated by a rotating spot on the oscillographe
CR'T. The inertia of the rotating mass is represented by a low-pass-filter. The clectronics
of the sceker are inserted in the loop. A digital controller equipped with many interactive
instruments is used to control the simulation loop components. There are two advantages
for using a digital controller in the implementation. [First, the development ol precious
function generators which are digitally controlled enables the accurate generation of the
various signals with proper amplitudes and phases necessary for secker circuits enegization.
Sccond, the presence

of control software makes it casy to vary the tracking loop parameters with minimum
hardware modifications and observe the loop performance. Open loop gain is one of the

parameters that can be varied casily via software.

INFRARED SEEKER DESCRIPTION

The conventional IR tracking system considered in the present work is comprised of five
major subsystems; the optical telescope, reticle, detector, processing electronics, and the
gyro-control electronics [3]. The optical telescope is of the cassagranian type. The infrared
radiation from a source is collected by the primary mirror and together with intermediate
optical elements, images the radiation onto the system focal plane. The focused radiation
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is chopped by the rotating reticleand is then converted to electrical signals by the infrared
detector. The clectrical signal is processed by a set of electronics to enhance the signal-
to-noise ratio and to defline the target position within a given reference frame, thereby;

providing a means to move the space stabilized homing eye.

IFig. 1 shows the commonly used optical part of the IR seeker. The primary mirror is
also the inertial mass of the precessable free gyro. In addition, the mirror is a permancnt
magnet through which a precession torque can be generated to precess the optical platform.
As shown in Fig. 1, energy from the target comes into the secker through the hemispherical
IR dome. The rayes strike the primary mirror then the secondary mirror and are finally
reflected through focusing lenses to the IR detector. In front of the detector is a reticle
which, for center-null systems, modulates the incoming cnergy by spinning at the same
frequency as the mirrors. Tt is this modulation that, when properly processed, permils the
generation of a tracking error signal. It is noted that the spinning reticle is placed at the
focal plane of the platform telescope with the optical axis aligned with the platform axis.
A targel off-boresight would traverse a circle on the reticle at a distance proportional to
the angle of the target LOS off-boresight. The ofl-boresight target image would be chopped
by the opaque/clear arcas of the reticle to produce a carrier frequency that is 100 percent
modulated by the spin frequency. The phase of the modulation signal relative to the spin
drive reference is such that the precession torque moves the plateform to place the target
on the boresight. This phase is determined by the 50 percent transmission portion of the

reticle.

The functional block daigram of the IR seeker is shown in Fig. 2. The rotor is
surrounded by a precession solenoidal coil and two sets of pancake coils. The precession
coil is used to control the orientation of the gyro rotor axis. One set of the pancake
coils, together with the gyro rotor dipole, forms the torque motor that drives the rotor at
constant speed. The other sct of pancake coils detects the position of the rotor.

MATHEMATICAL MODEL OF THE IR TRACKING SYSTIEM

Consider a two-dimensional object scene with a point source at #,. Let i, [W/m?)
be the received irradiance at the optics from that point source. This source is im aged as

H,.fo(7%), (1)

where f,(7) represents the angular sensitivity function of the optics. In the image plane,
there is a reticle which consists of adjacent opaque-transparent sectors. The reticle shape
is given by the reticle function f(7). The magnitude of f is between 0 and 1. The power
incident on the IR detector can, thus, be written as

(i) = Hy . [o(Tp). S (7). (2)

If the reticle is rotating with angular velocity w,, the detector signal is time varying. The
incident power on the IR detector expressed in irradiance units will be

H(rp,0p,t) = Hy.[o(rp,0,).f(rp,0, — w,t), (3)
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where 7, and 0, are the polar coordinates of the source at the tip of the vector .. The

reticle funetion is periodic and can be represented as

F(r,0) = D g, (r)e?™, (4 a)

1%

and
1 2r )
b, (r) = T(r,0)e 7040, (4 - b)
2m. o

The peak value of ¢, is at v = 4k since the reticle contains 2k opaque-transparent sectors.

The IR detector signal can be written as

S = Splo(rp,0,) D b, (r,)el"Te=w:d) (5)

This signal is amplified in the carrier amplifier and then fed to a band-pass [ilter with
ferquency center kw, and band wiath 2mw,. The effect of the angular sensilivity Tunction
fo and the intensity of the radiation source arc eleminated by the action of the automatic

gain control in the preamplication stages. Thus, the output of the filter will be

Sit) = SV (rp, 0y, w,t), (6)
where ¥ is delined as
v=k+m G
W(ry, 0, wet) = ef"("r‘“'r"/ J(rp,0)e™ 7" qp. (7)
v=k—-m 0

The shape of the considered reticle is such that the function ¥ is an amplitude modulated
sinusoidal wave with the modulating signal amplitude being proportional to the deviation
of the point source from the reticle center and phase being proportional to the direction of
the point source relative to the sceker reference direction. Thus, the demodulation of the

signal W gives the precession signal voltage v,(t) as
vp(t) = vo(rp)sin(w, t — ¥ (0,)) (8 — a)
The phase of v, is measured relative to the reference signal given by
Vref (L) = vyeposin(w,t). (8 —b)

The precession signal is amplified in the precession am plifier and then used to drive the
precession coil. The pression coil is an air-core solenoidal coil wounded around the rotating

gyro mass. Thus, it is almost purely resistive. The precession current will be

ip(t) = io(rp)sin(w,t — P (0,)) (9)
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To obtain the equations of the precessional motion of the rotating mass, we will start

with the following uler’s equation

Ldil dii
’1"':(—*—'),‘:'-( ) + W x .” (]0)
di

Where Il is the total angular momentum of the sccker assembly and & is the angular
velocity of the seeker assembly with respect to the inertial space. The subscript s denotes
the seeker coordinate system and the subscript i denotes the inertial coordinate system as
shown in Fig.3. T; is the inertial reaction torque. Il we neglect the acceleration- induced
pendulous torques, the damping and spring torques, the inertial reaction torque can be
approximated by the magnetically induced toques ’]_"m. The angular velocity & can be

written as
= 7 + iy + 01y, (11)

L

where :y. is the total angular body rate of the vehicle. In the present simulation the body
of the vehicle is stationary and thus '_r‘ istignored. @ is resolved in the secker coordinate

system as 2

@ = wsis + waia + wbib

= Osingi, + Ocosdi, + ¢i (12)

The total angular momentum II is expressed in the secker coordinate system as

L[ e, twn))
i = \ T,w, (13)
Tywy }
The quantity 7,w, is the angular momentum of the spinning rotor, 1,, I,, and I, are
the principle moments of inertia of the seeker assembly about the z,, z and sz axes,
respectively, and w, is the rotor speed. The seeker under consideration is dcsigncd such
that I, = I, = I, = I to climinate the cross axis terms in Eq. 10, Combinning Fqs. 12
and 13 yields
dii i ésind)'f 0.¢;cos¢.
(?), = \0cas¢"— 9¢sind> + d)w,} . (14)
¢ — Ow,cos¢

The magnetically induced torques will be first evaluated in the vehicle coordinate
system, then transformed into the seeker coordinate system as

= (M)Ty + fp. (15)

where (M) is the transformation matrix between Lhe sccker and vehicle coordinate systems
and is given by

cosfcosp  sing —sinlcosp
(M) = \ —coslsing cos¢p  sinlsing : (16)
sind 0 cosf }
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'FM and T}, are the spin motor torque and the precession torque; respectively. Ty is acting,

along the 7, direction. Define a coordinate system that rotates with the gyro rotor: 7,, 1,,
and ;f,,: such that the magnetic pole of the rotor is at the Lip of the i,0 vector. AL L = 0
;,1 = ;,, It can be shown that [4] the components of the unit vector 7, projected into the

vehicle coordinate system are

{ —cosw,tsingcost + sinw,l,smO\
Tl cosw,lcose . (17)
\ cosw tsingsind + sinw,lcos0

The rotor is assumed to be within a uniform solenoidal magnetic fiecld with normalized
lux-density vector B, = Boi.. The precession torque will be

= —

Ty =28, X ig (18)

The induced magnetic flux density vector is in time phase with the precession current given
by Eq. 9. Tt should be noted that there js an additional current induced in the preeession
coils due to the rotation of the m agnetized rotor. This induced current, gives rise to an
additional torque; however, it will be neglected in the present context. Thus,

By(t) = B,(rp)sin(w,t — ¥(0,)) (19)

Combining Eqgs. 15 to 19, the total magnetic torque projected in the secker coordinate
system will be

’F[\/I
Ty = (M). \ —2B,(t)(cosw, lsingsing 4 stnw, Lcosl) (20)
2B,(t)(cosw, tecosd) /

The terms with frequency 2w, will be neglected since the frequency 2w, lies outside the
bandwidth of the dynamics of the system. Thus, BEq. 20 is reduced to

TamcosOcosep + asing — bsinfcos¢
Ty = | =T'pcosfsing + acosg + bsinfsing | , (21)
\ Trrsint + beosé }

where a and b are given by

a = —=HB,(r,)(cosbcosyp — sinfsingsiny),

and

b= ~B,(r,)cospsiny.

6
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The sceker head is operating within a narrow cone; therefore, the use of small-angle ap-
. % m $ g 2
proximation appears justified. Also, small higher order terms are neglected. The inertial

recaction torque equation can be written as

['I'M - Bodcos + B,0siny / ) 0(/)+ 0(]5 . \
~Try¢ — B,cosy =1., 0- _Q(f)cﬁ + .w,(/) . (22)
\ Ty — B,siny } \ o+ w, bl }

The spinning frequency w, is very large compared with @ and ¢. Also, w,¢ and w,0 are
large compared with  and b; respectively. By taking the Laplace transform of [Bq. 22,
one can get the lfollowing transfer functions:
B .sin
g = Dolrp)-sing (23 - a)
s(Th + lw,s)

and
b= B,(r,).cosy (23 — b)
s(Tym + Tw,s)
Thus, the instantencous direction of the spinning axis can be obtained in terms of (he
precession voltage. These relations are greatly useful in that, the performane of the seeker
clectronics modules can be tested without spining up its gyro which keeps the gyro life

time during the development and test phases.
PHYSICAL SIMULATION

The simplified physical simulation block diagram of the IR tracking loop is shown
in Fig. 4. A digital controller is employed to control the operation of the seeker stimuli
generators. The detailed description of the setup is found in [9]. The output from the
stimului generators simulates the real signal obtained from a the stabilized detector. This
output is fed to the secker electronic circuits. The output of the seeker precession amplifier
(defined by [3q.8-a), which represents the targets polar error, is resolved by multiplying it
with the reference sine and cosine signals. The output of the analoge multipliers are filtered
by the low-pass-filters which simulates the gyro mass. The outputs ol the filters, thus,
represent the precession speeds 0 and q5 of the IR eye along two perpendicular directions
in the lateral plane. These oulputs are acquired instantenously and are used (o updale
the gyro spinning axis direction.

The experiment is started by a given target off-the gyro axis which corresponds to IR
spot on the reticle plane away from the reticle center. According to the IR spot location, the
controller instructs the stimuli generators to produce the proper input signals to the sceker
electronics. The output of the sceker is resolved, filtered, and fed back (o the controller.
The control software modifies the position of the gyro axis relative to Lhe targel according
to the acquired seeker output. The process continues untill the target spot moves to the
reticle center which means that the gyro axis moves to the target LOS .
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SIMULATION RESULTS

The tracking process is initiated by assuming the presence of an IR spot near the
reticle circumference (71,), as shown in Fig. g. Simulation results show that the IR spot
size in the reticle plane relative to the width of the opaque-lransparent sectors and the
spot intesity critically affect the transient and steady state performance of the tracking
loop. After closing the tracking loop, the IR spot moves toward the reticle center and
keeps wandering around it. The average distance between the instatencous spot locations
and the reticle center represents the steady state tracking error of the tracking loop. The
trajectory shape from the initial target position 7', to the steady state position describes
the tracking loop transient behavior. Inspection of the obtained results reveals that the
the increase spot intensity improves both the transient and steady state responses ol the
tracking loop. However, increasing the IR spot size will increase the tracking errors. Thus,
the focusing accuracy of the seeker optical eye highly aflects the tracking accuracy which

imposes a stringent condition on the useful operating band of frequencics of the seeker.
CONCLUSIONS AND PFUTURE WORK

The mathematical model of the TR secker having a rotating chopper is developed. The
bandwidth of the seeker tracking loop is obtained in terms of the dynamical parametes
of the spinning gyro mass. The model is supported by a digitally controlled physical
simulation sctup which enables testing the performance of the tracking loop. Steady state
tracking errors or the tracking accuracy and The behavior of the tracking loop in the
transient period are investigated as well. Building the main guidance loop with the present

technique represents a challenging future research point.
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Fig. 4. Physical Simulation Block Diagram Of IR Tracking Loop
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