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Abstract: This paper presents robust control of seeker system usedssgilentarget scanning and tracking. The math-

ematical model for seeker system is considered. A slidingaramntroller (SMC) is designed to compensate uncertain
coupling effect and external disturbances during scangph@ise model of the plant is based on first-principle method.
The dynamic equations of motion are formulated with the imgdion that the seeker system is a rigid body with no mass
imbalance. These equations of motion are considered iradasgith DC motor equations which provides the actuating

torque to the gimbal axes of the seeker system. The perfaenafithe controller is validated in simulations.
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1. INTRODUCTION

Seeker plays very important role in a guided mis-
ile system. In general, a missile can be defined as
an aerospace vehicle with varying guidance capabilities.
These vehicles are fabricated for air-to-air, surfaceitp-
or surface-to-surface roles.

Specifically, a guided missile is typically divided into
four subsystems: (1) the airframe, (2) guidance, (3) mo-
tor (or propulsion), and (4) warhead.

Guidance is the means by which a missile is steered to
a target. The main part of guidance system is a seeker.

Control of a Seeker system is a challenging problem.
This is due to coupled nonlinear dynamics of seeker sys-
tem. Although classical and PID controllers are easy to
design, their performance is not robust on the face of un-
certainties. Several control methods have been reported
in literature see for example [1]- [8] and the references
therein. The Robust controllers such Hs, have been
reported [1]-[4]. However major drawbacks associated
with it are tuning of the weighing martices is time con-
suming and the controller order becomes large.

A Feedback linearization method have been dis-
cussed in [5]. An extended Kalman filter (EKF) has been
formulated for the estimation of line-of-sight(LOS) rate
from measurements of relative angular displacement be-
tween seeker gimbals. Feedback linearizing control is an
approach to the design of nonlinear controllers which has
attracted a great deal of research interest in recent years.
However, actual applications resulting in the implemen-
tation of such control algorithms have been few. Usu-
ally, feedback linearizing control does not guarantee ro-
bustness in the presence of model uncertainty and distur-
bances. A suboptimal methadD) has been proposed in
[6] to design an integrated guidance and control system
for missiles. However the issue is robustness.

In [7], Adaptive controller has been used for stabi-
lizing the seeker. However the adaptive controller has a
limitation over fast varying disturbance. SMC is known
to be robust [9] [10] [11]. Disturbance rejection capa-

bility, simplicity and order reduction are the accomplish-
ments of this theory.

1.1 Motivation

Precise and accurate performance of the seeker is im-
portant for the successful operation of the missile. The
main operation includes the control of two gimbals driven
by DC servo motors. Each of the gimbals exhibits distur-
bance to the other due to cross coupling. SMC has the
capability to reject disturbance and yield robust perfor-
mance.

A sliding mode controller has been used in [8]. The
plant has been considered to have decoupled yaw and
pitch dynamics. A Lyapunov approach is used to design
control.

Herein the torque due to cross coupling is computed
analytically and its effect is compensated by updating the
control. The effect of further variation in disturbance
torque due to parametric variation and external distur-
bance is taken care of by SMC. Reaching law is used to
synthesize SMC.

1.2 Structure of Paper

The brief outline of the paper is as follows:
In the next Section mathematical model is described.
In Section 3 controller design is presented. Section
4 presents simulation results. Section 5 concludes the
work.

2. MATHEMATICAL DESCRIPTION

Most of the seekers of the gimballing variety have two
gimbal axes, namely, yaw (azimuth) and pitch (eleva-
tion). The gimbal axes are rotated through desired angles
by a DC motor which provides the actuating torque. The
basic structure is shown in Fig. 1,
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Fig. 1 Basic schematic of Seeker

To describe dynamic behavior of the complete system,
mathematical model of actuator(DC motor) and 2 axis
gimbal system is considered.

2.1 Modeling of DC Motor

The DC motor which provides the actuating torque can
be schematically represented as shown in Fig. 2,

Fig. 2 Schematic of DC servo motor

The parameters are
V,» = DC input voltage in volts,l,,, = DC current in
Amps, R,, and L,, = Equivalent resistance) and in-
ductance (henry) of moto£..,,,; = Equivalent back emf
in volts, T,, = Equivalent motor torque in NmJ; =
Equivalent torque at load in Nnf,,, = Motor angular
displacement in degreg,= Load angular displacement
in degrees,J,, = Motor Inertia inkgm?, K, = Motor
torque constant in Nmi,,, = Back emf constantis, =
Total gear ratioy,,, = Motor efficiencysn, = Gearbox ef-
ficiency.
Using Kirchhoff’s voltage law,
dl,,
p (1)
Since, L,, << R,,, the motor inductance can be dis-
carded, therefore,

‘/WL - RnLInL - LnL - Eernf = 0

Vm - Eernf
Iy =—71—7=. 2
" )
Substitutingd,,, = K40, andT}, = 7, K¢ L,
T Vi KnK,b
= ool ®)
ant an Rm
Applying Newton’s 2nd law of motion to the motor shaft,
. T,
ImOm = T — . (4)
ngl<y

Substituting (3) in (4),
_ ngnnLKtKgVnL _ nganthKg29'l
R, Rm

This is output torque provided by the motor.
Substituting the values of parameters and constants in (5),
DC motor dynamics becomes

T, = 0.128V,, — 0.0686; — 1.014 x 10~24,.

T, —ng S K 201.(5)

(6)

2.2 Modeling of 2 Axis Gimbal System

Yaw and pitch motion of the payload is obtained by
using two axis gimbal. The two axes; yaw pitch gimbal
system is shown in Fig. 3(a) and the fixed body frame is
depicted in Fig. 3(b).

Yaw
. 1 ¥
axis v .

Pitch >
axis

(a)2 axis gimbal system (b)Body  fixed

frame B
Fig. 3 Schematic of Gimbal System

(a)Yaw frame

Fig. 4 Rotation to Yaw frame by anglg and then to
Pitch frame by angle,

(b)Pitch frame

Three reference frames have been introduced. Fuse-
lage body-fixed frame B with coordinate axes x, y and z.
Frame K fixed to the yaw gimbal with coordinate axgs
, Yr, andzy. Frame A fixed to the pitch gimbal with coor-
dinate axes, , y, andz,.

The yaw gimbal rotation is about the z axis, , v, and

zr, are the yaw gimbal frame axes and the angle of rota-
tion is v; degrees. Thus system rotates from body fixed
frame B to yaw frame K. Refer Fig. 4(a). The pitch gim-
bal rotation is about the y axis,, , y, andz, are the pitch
gimbal frame axes and the angle of rotationdslegrees.
Thus system rotates from yaw frame K to pitch frame A.
Refer Fig. 4(b). The roll, pitch and yaw components of
angular velocity of frames B, K and A are as follows,
(poa v ] [ ac ]’ [pa o 1a]”
Here p, g and r represent the roll, pitch and yaw compo-
nents respectively.

Quaternion method is used to obtain the instantaneous
values p, q and r during the missile flight. Quaternion de-
scribes angular orientation with four parameters. Three
define the axis of rotation and the fourth specifies the
amount of rotation. Quaternion algebra [12] formulated
by Sir W R Hamilton is defined as a hypercomplex num-
ber[Q] = qo + q17 + q25 + g3k = (g0, 41, G2, 43)

whereqo, g1, q2, g3 are real numbers. Quaternion compu-
tation has the advantage that it does not require intensive
trigonometric evaluations as with other methods. Also



it can be written in terms of direction cosines and Euler

where¢ = [95.81T + 95.81d,, — 0.0294].

angles. Quaternion representation has associated linear Definex; = vs and x2 = v to rewrite (15),

differential equations that can be integrated easily, rgive
the initial conditions and the forcing function.

2.2.1 Pitch Channel Dynamics

The modeling of pitch or inner gimbal is done initially
in this Section. The inertia matrix of pitch gimbal is con-
sidered for roll, pitch and yaw rotations as,

Jam D’I‘y sz
Ja=| Dy Jay Dy: (7
D:rz Dyz Jaz

The moments of inertia are denoted by J and products

of inertia by D. The angular momentufd of the pitch
gimbal system can be given as,

H=[H, H, H.|" =Ja[pa ¢ 7a] . (8)

The net torque on a rotating body is given by Euler’s
equations of motion.
torque on a rigid rotating body to the moment of inertia
tensor and angular momentum.

]T

T:E'f'u_JXH. 9)

Wherew = [ pa ¢a Ta }T. Using (7) and (8), (9) can

be solved mathematically to give the total external torque

Ty as,
Ty = Jayda + (Ja:r - Jaz)para + sz(raQ _pa2)
+ D:ry (pa + Qara) + Dyz (7;'11 - paQa)~ (10)

T, is the actuating torque provided by the DC motor with
the assumption that there will not any transmission loss,

T, ="T. (11)

Eqn (10) can be rewritten &8, + Tp = Jayqa, Where

Tp = (Jaz = Jus)Para + Duz(pf —17)
— Dyz(fa — Pada) = Day(Pa + qaTa).

Tp includes cross coupling effect and nonlinearities.

If d, is a smooth matched bounded lumped external dis-

turbance in the pitch channel,the dynamics becomes,

Ty +Tp +dp = Jayfa- (12)

Since,q, = g + va, (12) becomes,

. 1 .

Vg = J—[Ty +1p + dp — Jaqu]. (13)
ay

Using (6), (11) and (13)

1
By = ——[0.128V, — 0.06805 — 1.014 x 107 %3,
ay

+ Tp+dp — Jayd)- (14)

The inertia matrix parameters of the pitch frame de-
scribed in [5] are used to get,

By = 12.26V,, — 6.510y + [95.81Tp + 95.81d,
—0.029¢4]
By = 12.26Vi, — 6.5100 + £ (15)

These equations relate the net

X = Ax + bu + €. (16)
Where

A= 8 —61.51 b= 12(.)26]""”‘1‘3:[(1)]
Egn (16) can be rewritten as,

%X = Ax + bu + e, +ed, (17)

whereg, is known disturbance,, = 95.817p — 0.029¢y,
andd,, is unknown disturbance with known bound§,=
95.81d,.

2.2.2 Yaw Channel Dynamics
The inertia matrix of yaw gimbal can be given as,

Jk:r d:ry dwz
Jr = dmy Jky dyz
d:rz dyz sz

The moments of inertia are denoted by J and products
of inertia by d. The angular momentufa of the total
gimbal system, as yaw is outer gimbal, is the sum of the
angular momentum of the pitch and yaw gimbals.i.e.
]T = Jk[pe @ Tk ]T

+ L?;KJA[pa da Ta ]T

whereL 4 is the direction cosine matrix for the trans-
formation from yaw frame K to pitch frame A.

Then the torque equation for a rotating yaw frame will be
obtained as,

T="—+wxH.

i (18)

Wherew = [ pr  qx 7k }T. Similar to the pitch chan-
nel dynamics, the total external torqiie will be given
as,

T, = |de2pr + dy=qr + JiT
—  PaSinvadyy — Do COS V2 JyzpUo + Pg cOSV2 D,
—  PasSinve Dy Vs — gy sinve Dy, — qq cOSvo D, U0
+  gacosvaDy, — qqsinve Dy, Vs — g sinva Dy,
— 1 C08V2 Dy Us 4 g COS U2y, — T SIN V2o, Us)
PrldayDr + Jky @ + dyz1i
(DayPa + JayGa + Dyzra)]
— Q[JraPk + doyqi + doari
+  cosv2(JazPa + DayGa + Dazra)

+ Sil’l V2 (szpa, + DyzQa + Jazra,)] (19)

T. is the actuating torque provided by the DC motor.

T, =T, (20)
(19) can be rewritten as below,
T, = Jui — Ty (21)



T4 includes cross coupling effect and nonlinearities.
FurtherTy includes,

Ty = Tgn+Ta+Tys
le = [JkT + JamCOSQUQ + Jg,zSiHQUQ + sz sin(2v2)
- (Jky + Jay)]kak
Tio = —[dpz+ (Jaz — Jaz) sinvs cos vy

+ Dy cos(2v2)] X (Db — qrTk)
—  (dyz + Dy cosvy — Dyy sinva)(gr + pite)
(dmy + Dgy cosvg + Dy, sin 02)(29% - ql%)

Taz = U2(Dyysinve — Dy, cosvs)
+  02[(Jaz — Jaz)(pr cos(2vs) — ri sin(2v2))
+ 2D..(pksin(2v2) + 71 cos(2v2))
+  (Dyzsinvg + Day cosv2)(¢a + qr) — Jaypr]
Je = Jis + JawsinZus + J,.co82v9

D, sin(2vs) (22)

If d, is a smooth matched bounded lumped external dis-

turbance in the yaw channel,the dynamics becomes,
Jpr, =T, —|—Td—|—dy. (23)
From equation (22) and (23),

[Tz + Juwsin?vg + J,,co8?vy — D, sin(2vg)|ry = T

+T, + dy
DefiningAJy, = Japsin?ve+J,,cos2vs— D, sin(2v2)|7 g,
[Tk + Adilry = T.+Ty;+d,
1
T = J—[Tz + T+ dy - AJka] (24)
kz
Sincery, = 7 + 91, (24) becomes,
1
= 7 [TZ + Ty + dy — AJ,71E — sz’l'“]. (25)
kz
Using (6), (20) and (25),
1
o= [0.128V,,, — 0.0687; — 1.014 x 10~ 2§
kz
+ Ty+ dy — AJprp — szi‘]. (26)
Substituting for inertia matrix parameters from [5],
@ = 2000[0.128V}, — 0.0680; — 1.014 x 102,
+ Ty+dy — Adyig — Jgs7]
U1 = 12.03V,, — 6.3901 + [93.98T; + 93.98d,
—  93.98AJg7 — 0.046997]
By = 12.03V,, — 6.390; + ¢, (27)
where ¢ = [93.98T; + 93.98d, — 93.98AJy7, —
0.0469977.
Definex; = vy and x5 = 71 to rewrite (27),
%X = Ax + bu + ef'. (28)
Where

0 1 0 0
A:{o —6.39}’b: [ 12.03] and e = [ 1 }(29)

Egn. (28) describes yaw channel dynamics and can be
rewritten as,

% = Ax + bu + e, +ed, (30)

where ¢ is known disturbancef;, = 93.98T; —
93.98 A J, 7 — 0.046997 anddgl is unknown disturbance,
dfy = 93.98d,,.

It may be noted that disturban@g, in pitch channel and

T4 in yaw channel due to cross coupling effect can be
computed exactly for nominal parameters and hence can
be compensated. However further parameter variations
needs to be taken care of. SMC can reject this and the
externel disturbance as well.

3. DESIGN OF CONTROLLER

The sliding mode controller design involves two
stages, i.e. design of sliding surface and control law syn-
thesis. The sliding surface is designed by pole placement
technigue. Gao’s power rate reaching law [11] is used for
control law synthesis.

3.1 Design of Sliding Surface
consider a sliding surfaceas below.

s =cl (X —Xq) (31)

where x is actual state vectox, is desired state vector
¢’ is sliding surface matrixg” € R™*"™ where m is
number of inputs and n is number of states. N&wcan
be designed by converting the nominal system Ax +
Bu into regular form using <+ T.X such that,
T.B=[0 By ]"

where,By € RM*™,

Z A App Z 0

: = : 32
R PR
where,z; € R*=m)*1 andz, € RM*1,
The switching function matrix partitioned compatibly in
Z co-ordinate ass = ¢121 + 220 = 0= M,z1 + 25, = 0,
where M, = c;'c; and M, € R'*(»=™)  Using this,
null space dynamics of (32) can be written as,
Z = Anzy + Aoz = (A1 — Ao My)zy (33)
Here M, is designed to ensure stablé;( — A2 My).
3.2 Design of SM Control Law

Differentiating equation (31) to get

5=cl(x —Xq) (34)
Power rate reaching law [11] is used which is
§ = —k[s|*sgr(s) (35)
From (34) and (35)
cl(x—x%q) = —Fk|s|*sgn(s)

cx = —k|s|*sgr(s) + cT'Xy, (36)



where K is switching gain. It is chosen to ensure the ex-
istence of sliding. They is tuning parameter such that
0 < a < 1. By substituting plant dynamics in (36), a
control can be synthesized.

3.2.1 SMC for Pitch channel

Neglecting the unknown disturbance term in equation
17),
X =Ax+bu+eg, (37)

Now from (36) and (37) considering, anda,, as tuning
parameters,

c?(Ax +bu + e, — xq) = —kp|s|*sgn(s) (38)
u = (c"b) " —ky|s|*sgn(s) + cTxq — T Ax
— cleg) (39)

This is the necessary control that compensates distur-
bance torque due to cross coupling.

To prove the existence of sliding: from (31) and (34),
(40)

55 = s(c? (%X — %4q))

From (17) and (39),

s = s(c(Ax+bu+ef, + ed;, — X4q))

s5 = s((c"Ax+cTb((c"b) 7! (—ky|s|**sgn(s) + cT%q
" Ax — c’egy)) + ce, + cled, — c"'kq))

s§ = —ky|s|*?sgn(s) + cTed;,

To satisfyn reachability and to ensure sliding [1@], >
(c"ed)))max

3.2.2 SMC for Yaw channel
Similar to the pitch channel, SM controller is devel-
oped for yaw channel. Neglecting the unknown distur-

bance term in equation (30),
%X = Ax + bu + ef, (41)

Now from (36) and (41) with tuning parametées and
oy, the control is,

(c"b) " —k,|s|*sgn(s) + cxq — ¢’ Ax

— cTegzll]

u =
(42)
This is the necessary control that compensates distur-
bance torque due to cross coupling and uncertainties.

As discussed in pitch control, existence of sliding is guar-
anteed for yaw dynamics K, > (cTed’y)max

4. SSIMULATION RESULTS

If we apply a sine command of varying amplitude to
the pitch gimbal and a cosine command with varying am-

4.1 For Pitch channel

In simulation a sine command of varying amplitude of
pitch angle(s) was given. The simulation parameter are
k, = 50, a = 0.9, initial conditions ar¢ vo 2 ]T =
[05 0 }T,dp is external disturbance 0.02sin5.18t.

The sliding surface matrix designed wa$ = [-5 —

1]. Fig. 5-7 shows the simulated results. Fig. 5 shows
evolution ofve. Simulation performance shows that the
actual output angle is tracking the desired reference angle
properly. Fig. 6 shows the plot of control effort needed.
Fig. 7 shows sliding surface.

6 T T T -
---Desired
—Actual

Elevation angles(radian)
o

10 15 20
Time(s)

Fig. 5 Actual and desired angles for pitch gimbal

Control input

10 15 20
Time(s)

Fig. 6 Control input to the system

Sliding surface

10 15 20
Time(s)

Fig. 7 Sliding surface

4.2 For Yaw channel

In simulation a cosine command of varying amplitude
of yaw angle{;) was given. The simulation parameters
for yaw channel are same as pitch channel, besides the

initial conditions a$ vy 1 ]T =[10 ]T. Fig. 8-

plitude to yaw gimbal and the control ensures the gimbals 10 shows the simulated results. Fig. 8 shows evolution
to track their reference commands then the resultant mo- of v;. Simulation performance shows that the yaw output
tion of seeker will be a spiral. angle follows the desired one nicely. Fig. 9 shows the



plot of control effort needed. Fig. 10 shows that sliding 5. CONCLUSION

begins very quickly. In this paper a sliding mode control has been devel-

oped for pitch and yaw channel for the scan phase of
seeker. The disturbance torque due to cross coupling ef-
fect has been computed analytically to compensate its
effect. A sliding mode control ensures robust perfor-
mance on the face of variation in cross coupling dis-
turbance torque due to parameter variation and external
disturbance. Simulation results show that sliding com-
mences quickly yielding robust performance. The control
is smooth.
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