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Abstract A nonlinear disturbance observer-based attitude controller is proposed for
an exoatmospheric divert and attitude control system (DACS) type missile with a
seeker’s narrow field-of-view to maintain a lock-on condition. Dynamic model of
the DACS type missile is derived considering varying center of mass caused by
fuel consumption of the thrusters. Based on the separation between the translational
and rotational motions of the missile in the exoatmospheric environment, attitude
controller is designed based on the nominal missile dynamic model using the sliding
mode control scheme. To compensate the effects of varying center of mass, the
nonlinear disturbance observer for high-order disturbances is designed. Numerical
simulation is performed considering the narrow field-of-view and varying center of
mass to demonstrate the performance of the proposed controller.

1 Introduction

Anti-ballistic missile defense system aims to intercept the ballistic target at exoat-
mospheric altitude to eliminate the threats from the target. The operation of the
missile in exoatmospheric environment provides several technical challenges [1].
First, the aerodynamic control using the missile’s fin is not applicable, and there-
fore thrust-based control such as the divert and attitude control system (DACS)
should be utilized. Second, the closing speed between the missile and the target
is very high, and therefore the missile should achieve “hit-to-kill” interception. This
means that the missile physically collides with the target using its kinetic energy,
which increases the likelihood of the defense. Third, if the missile is equipped with
a strapdown seeker, then the missile may have a narrow field-of-view limit to se-
cure a sufficient detectable range of the seeker for high closing velocity. Therefore,

Jaeho Lee, Seokwon Lee, and Youdan Kim
Department of Mechanical and Aerospace Engineering, Seoul National University, Seoul 08826,
Republic of Korea, e-mail: akfksem@snu.ac.kr; blueswl@snu.ac.kr; ydkim@snu.ac.kr



2 Jaeho Lee, Seokwon Lee, and Youdan Kim

to maintain the target within the field-of-view of the seeker, precise control of the
missile attitude is essential.

Several research on the guidance law taking into account the field-of-view limit
of the seeker have been carried out based on the switching approach [2—4]. These
studies considered the missile as a point mass, and therefore the missile body axis
coincides with the velocity axis under the assumption that the missile performs ma-
neuver at low angle-of-attack in atmospheric environment. On the other hand, the
translational and rotational motions of the missile can be separated in exoatmo-
spheric environment. Therefore, in the exoatmospheric environment, guidance laws
which is specific to the target interception can be utilized regardless of the field-of-
view limit of the seeker by controlling the attitude of the missile properly. Recently,
several attitude controllers considering the separation between the translational and
rotational motions in the exoatmospheric environment were proposed [5—7]. Espe-
cially, a sliding mode-based attitude controller for the DACS type missile was de-
signed, which has a two-loop structure [7]. However, these studies did not consider
a variation of the center of mass of the missile caused by the fuel consumption of
the DACS thrusters although it may cause a severe performance degradation of the
attitude controller.

In this study, a nonlinear disturbance observer-based attitude controller is de-
signed considering the varying center of mass of the missile caused by fuel con-
sumption of the DACS. The translational and rotational motions of the DACS type
missile are modeled considering the varying center of mass, where the DACS con-
sists of two thruster systems, i.e., the divert control system (DCS) and attitude con-
trol system (ACS). Using the sliding mode control scheme, attitude controller is
desinged as a two-loop structure, i.e., the outer- and inner-loops, which deal with
the Euler angles and angular velocities, respectively. The outer-loop generates the
angular velocity commands to maintain the lock-on condition using the seeker’s
information, and the inner-loop generates the commands of the ACS thrust forces
corresponding to the angular velocity commands from the outer-loop. To deal with
the various types of variations of the center of mass and guidance acceleration com-
mands, nonlinear disturbance observer guaranteeing the estimation performance
for high-order disturbances is designed. By combining the designed controller and
observer, the disturbance observer-based attitude controller for an exatmospheric
DACS type missile is proposed. Numerical simulation for the exoatmospheric en-
gagement against the ballistic target is performed to demonstrate the performances
of the designed attitude controller and disturbance observer, where the narrow field-
of-view of the seeker and varying center of mass are considered.

The remainder of the paper is organized as follows. Section 2 presents problem
formulation including the definition of the look angle of the seeker and the dynamic
model of the exatmospheric DACS type missile. In Sect. 3, disturbance observer-
based attitude controller is designed, and the results of the numerical simulation are
provided in Sect. 4. Finally, concluding remarks are given in Sect. 5.
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2 Problem Formulation

2.1 Look Angle of the Seeker

Because the translational and rotational motions of the missile can be separated in
exoatmospheric environment, the missile body axis cannot be assumed to be aligned
with the velocity axis. Therefore, in this study, the look angle of the seeker is defined
as the magnitude of angle between the x-axes of the missile body and line-of-sight
(LOS) coordinate systems. Figure 1 shows the definition of the look angle of the
seeker, where the superscripted [I], [B], [L], and [Vy] denote the inertial, missile
body, LOS, and missile velocity coordinate systems, respectively, and ¢ is the look
angle of the seeker. Based on the definition of the look angle, the lock-on condition
against the target can be maintained by regulating the look angle rapidly.

2.2 Missile Dynamic Model

In this study, translational and rotational motions of the DACS type missile are
modeled for the configuration of the DACS thrusters with varying center of mass of
the missile. Figure 2 shows the configuration of the DACS type missile considered in
this study, where Tp,,, and Tp,, ,, k = 1,2, are the DCS thrust forces, Ty,, k=1,--- ,6,
is the ACS thrust force, I, is the distance between the centers of the DCS and ACS,
I, is the distance between the ACS thrusters, and xcy = [€; g EZ]T is the position
vector of the center of mass. Using the DCS and ACS thrust forces, the virtual thrust
forces can be defined as follows,

AUL S I:)

Fig. 1 Definition of the look angle of the seeker
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x8]

Fig. 2 Configuration of the DACS type missile

Ip, =Ty, — Tpy, (1)
Ip, =1p,, —1p,, 2
Th, = =Ty + T, —Ta, +Ta, 3
Tay = —Tay + T, “
Tay = —Ta, — Ty, + Ty, +Thg 5)

where Tp, and Tp, represent the thrust forces of the DCS generating the z- and
y-axis forces, respectively, and Ty, , Ty,,, and Ty, represent the thrust forces of the
ACS generating the roll, pitch, and yaw moments, respectively. Using Egs. (1)-(5),
translational motion of the missile can be expressed as

Tp, + Ty

4, = -2t (©)
Tp, — T,

ay= )

where a; and a,, are the pitch and yaw accelerations, respectively, and m is the mass
of the missile. To derive the rotational dynamic model of the missile, following
assumptions are considered.

Assumption 1: The products of inertia of the missile body caused by a violation
of axial symmetry around x-axis are neglected.

Assumption 2: DCS generates proper thrust forces corresponding to the guidance
acceleration commands.

Under Assumption I, the moment of inertia matrix of the missile body can be
expressed as

0
I=| 01,0 (8)
0 0 I,
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where Iy, Iy, and I, are principal moments of inertia of the missile. The rotational
motion of the missile is governed by the following differential equation.

o=T"M-o0xIo) 9)

where @ = [p ¢ r]” is the angular velocity vector, and M = [L M N]T is the external
moment vector. Considering the configuration of the DACS type missile in Fig. 2,

the components of the external moment vector can be obtained as follows,

1
L= ElﬂTAL — EyTAM — 8ZTAN — SyTDZ +£ZTDY (10)
M= (ldJer)TAM +8xTDZ (11
N = (lq+&)Tay — &Tpy (12)

Under Assumption 2, the DCS thrust forces can directly be calculated using Egs. (6)
and (7) as follows,

Tp, = ma, . — Ty, (13)
TDy = may .+ TAN (14)
where a;. and a,. are the pitch and yaw guidance acceleration commands with

respect to the missile body coordinate system. Substituting Egs. (13) and (14) into
Egs. (10)-(12), the external moments of the missile body can be rewritten as

1
L= ElaTAL —maz & +may &, (15)
M= ldTAM +mag & (16)
N = 1Ty, —may & (17

Substituting Egs. (8) and (15)-(17) into Eq. (9), rotational dynamic model of the
missile can be obtained as follows,

1 /1

p= . (ZlaTAL —mag & "'_mayacgz) (18)
XX
1

q= T{(IZZ_IXX)prJ’_ldTAM +ma; &} (19)
yy

o1

= { (= 1y) pa -+ LaTay — may e} <0
2z

To represent the attitude of the missile body, Euler angles from the reference coordi-
nate system to the missile body coordinate system are introduced with the sequence
of z-, -y-, and x-axes. The relationship between the Euler angles and the angular
velocities can be represented as follows,



6 Jaeho Lee, Seokwon Lee, and Youdan Kim

¢ =p—gsingtan — rcos ¢ tan O 1)
6 = gcos¢ —rsing (22)
W = gsin@ sec O +rcos @ secO (23)

where ¢, 0, and y are the roll, pitch, and yaw Euler angles of the missile body,
respectively. Note from the sequence of the Euler angle that y and 6 represent the
azimuth and elevation angles, respectively, from the inertial coordinate system to
the missile body coordinate system.

3 Disturbance Observer-Based Controller Design

In this section, nonlinear disturbance observer-based attitude controller is designed
for the exatmospheric DACS type missile. Controlling the attitude of the missile
body to maintain the lock-on condition until intercepting the target is the main ob-
jective of the controller design. The narrow field-of-view of the seeker and varying
center of mass of the missile caused by fuel consumption of the DACS are consid-
ered. In this study, the controller structure composed of the sliding mode-based at-
titude controller and nonlinear disturbance observer is proposed as shown in Fig. 3,

where pe, qes and r. are the roll, pitch, and yaw angular velocity commands, respec-
tively, and dl, dz, and d3 are the estimates of the disturbances. Attitude controller
is designed for the missile dynamic model without considering the variation of the
center of mass, i.e., xcpy = [0 0 O}T. Also, Euler angles and angular velocities are
separately controlled by the outer- and inner-loop controllers, respectively, to effi-
ciently handle the states of different frequencies and obtain the additional design
parameters. Nonlinear disturbance observer is design for high-order disturbances to
deal with various types of the guidance acceleration commands. Finally, nonlinear
disturbance observer-based attitude controller is designed by combining the sliding
mode-based attitude controller with the nonlinear disturbance observer.

Nonlinear Disturbance Obser ver-Based Attitude Controller

i i
Seeker's | ! i i
Informationi | | Outer-loop| Pe»9c: e | Inner-loop | i 1Ty Tay Tay | Missile
i Controller Controller | ! System
[ PR S R S i H
! i
i Disturbance H
! Observer i
1
B il Esieitti I‘"""“‘I p.q,7,¢,0,¢

Fig. 3 Block diagram of nonlinear disturbance observer-based attitude controller
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3.1 Sliding Mode-Based Attitude Controller Design

3.1.1 Outer-Loop Controller

The outer-loop controller is designed to generate the angular velocity commands
maintaining the lock-on condition against the target. Let us define the error vector
including the seeker’s information as

€y (0 P
e,=1|eg| =160 —16L 24)

ey v VL

where ¢ is the roll angle command, and y;, and 6, are the azimuth and elevation
angles, respectively, from the inertial coordinate system to the LOS coordinate sys-
tem, which can be obtained from the seeker. Note that the look angle of the seeker
converges to zero as eg and ey converge to zero considering the definition of the
look angle of the seeker. To regulate the error vector using the sliding mode control
scheme, sliding surfaces of the outer-loop controller are defined as follows,

g
Sp =ep +A¢/ e¢d’c 25)
JO
!
sg = €y +)Le/ epdT (26)
0
t
0

where A4, Ag, and Ay, are the design parameters which are set to be positive real
values. Differentiating Eqs. (25)-(27) with respect to time and substituting Egs. (21)-
(23) into the resulting equations, dynamics of the sliding surface vector of the outer-
loop controller can be obtained as follows,

$o=F,— X, + Gty (28)
where s, = [s¢ s¢ sy]", uo = [p g 1], and
Ap® P + g Pe 1 —sin¢tan® —cos¢tan O
F,= |20 |, X,=| 6.4+46. |, G,= |0 cos¢ —sing
Ay v Y+ Ay 0 singsecO® cos¢secO

Based on Eq. (28), a sliding mode-based control input of the outer-loop controller
is proposed as

Uoe = —G, ' (Fy—Xo+ Ko 150 + Ko 2520(5,)) (29)

where sgn(-) denotes the sign function, and K, ; and K, » are the control gain ma-
trices which have positive real diagonal components. To analyze the stability of the
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closed-loop system, let us substitute Eq. (29) into Eq. (28).
So = —Kp 150 — Ko 2580(s,) (30)
Now, consider the following Lyapunov candidate function.
17
Vo= 25,5 31
Taking the time derivative of Eq. (31), we have
v _ T T
Vo = —5, K150 — 5, Ko 28g0(s,) (32)

Note from Eq. (32) that the time derivative of the Lyapunov candidate function is
negative definite. Therefore, the sliding surfaces of the outer-loop controller con-
verge to zero in finite time, and are maintained thereafter. If the sliding surfaces of
the outer-loop controller are maintained to be zero, then the following equalities are
also maintained based on Eqs. (25)-(27).

ép = —l¢e¢ (33)
ég = —Ageg (34)

Equations (33)-(35) imply that the look angle of the seeker and the roll angle con-
verge to zero and the roll angle command, respectively.

3.1.2 Inner-Loop Controller
The inner-loop controller is designed to generate the ACS thrust forces for the an-

gular velocity commands generated by the outer-loop controller. Let us define the
error vector including the angular velocity commands as

€p p Pc
ei=|€ | =49 — |94 (36)
[ r re

Sliding surfaces of the inner-loop controller are also defined as
t
s,,:e,,—i-l,,/ epdT (37)
0
t
Sq=eq+ lq/ eqdt (38)
0

t
Sr=e, —1—1,/ e, dT 39)
0
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where A,, A4, and A, are the design parameters which are set to be positive real
values. Taking the time derivative of Eqgs. (37)-(39) and substituting Eqgs. (18)-(20)
with xcpr = [0 0 0]7 into the resulting equations, dynamics of the sliding surface
vector of the inner-loop controller can be obtained as

$i = Fi — Xi + Giu; (40
where s; = [s, 54 5,)7, u; = [Ta, Ta,, Tay]7. and
1
)L]Izp_l Pc‘i‘lppc Txxla 10 0
F = qu + &VZI)-y/\Xpr , Xi= | qc +quc , Gi= 0 ﬁ 0
lrr—k 71)0(1;1;@; pq Fe+ lrrc 0 0 I%

Considering the dynamics of the sliding surface vector of the inner-loop controller,
a sliding mode-based control input of the inner-loop is proposed as

uie = —G; " (F—X; + K 15i+ Kipsgn(s;)) (41)

where K; | and K are the control gain matrices which have positive real diagonal
components. Substituting Eq. (41) into Eq. (40) yields

si = —Ki15; — Kipsgn(s;) (42)

Similar to the outer-loop controller design, Eq. (42) guarantees that the errors of the
angular velocities converge to zero in finite time.

3.2 Nonlinear Disturbance Observer Design

To compensate the performance degradation due to the change of the center of
mass, nonlinear disturbance observer is designed. Especially, in this study, the high-
order disturbance observer is considered to deal with several types of uncertainties.
The dynamics of the angular velocities with varying center of mass presented in
Egs. (18)-(20) can be rewritten as follows,

o= f(0)+Gu+d 43)
where
1 7? dy — 7 (azc8y +ay &)
f((l)) — d]yyxx pr R d = d2 = %aacsx
Ixxlz—zlxv pq ds _ ﬁ Ay o€y

Now, let us consider a following assumption.



10 Jaeho Lee, Seokwon Lee, and Youdan Kim

Assumption 3: The disturbance di, k = 1,2,3, are third-order polynomial func-
tion, with respect to time, which are presented as

di = dpo+di it +diat?> +dpst® for k=1,2,3 (44)

where dy o, di 1, di 2, and dy 3 are unknown constant coefficients.

Under Assumption 3, following observer state dynamics and estimation for third-
order disturbances are considered [8].

3

¢ = f(®)+Gui+ Y Lig 45)
k=0
3
i-¥ ha 46)
k=0

where Iy, I, I, and I3 are the observer gain matrices which have positive real
diagonal components, and

w—z for k=0

— t
8k /gk,ldr for k=1,2,3
0

To analyze the stability of the designed disturbance observer, let us define a distur-
bance error vector as

ca=d—d @7)

Taking the time derivative of Eq. (47) and substituting Eqs. (43), (45), and (46) into
the resulting equation, we have

A

ég=d—d
3 .
=Y Lig—d
k=0 X
= —Toea+ Y Lige1—d (48)
k=1

Taking the time derivatives of Eq. (48) three more times, the fourth derivative of the
disturbance error vector with respect to time can be obtained as

4 > 3—k
) =¥ el ™ —a® (49)
k=0

where the superscript (k) denotes the k-th derivative with respect to time. Because
d™ is zero under Assumption 3, Eq. (49) can be rewritten as follows,

el + Toel) + [ég+ Dég +Teg =0 (50
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Because Iy, I, I, and I3 are the diagonal matrices which have positive real com-
ponents, Eq. (50) implies that the disturbance error vector converges to zero in finite
time.

3.3 Nonlinear Disturbance Observer-Based Attitude Controller

Combining the sliding mode-based attitude controller with the high-order distur-
bance observer, the nonlinear disturbance observer-based attitude controller for the
exoatmospheric DACS type missile is designed. Using the inner-loop control in-
put, Eq. (41), and disturbance estimate vector, Eq. (46), the nonlinear disturbance
observer-based control input can be obtained as follows,

uczui7C—GflclA (51)

Substituting Eq. (51) into Eq. (43), the closed-loop dynamics of the angular velocity
vector can be obtained as

W= f(a)) + G,-uw +eq (52)

Because the disturbance error vector converges to zero in finite time and the slid-
ing mode-based inner-loop controller guarantees the convergence of the angular ve-
locity errors on Eq. (52) with e; = [0 0 0]”, the designed nonlinear disturbance
observer-based attitude controller can be operated satisfactorily for the exoatmo-
spheric DACS type missile with varying center of mass.

4 Numerical Simulation

In this section, numerical simulation is performed to demonstrate the performance of
the proposed controller for the DACS type missile to intercept the target in exoatmo-
spheric environment. The physical parameters of the missile used in the simulation
is summarized in Table. 1. The DACS thrusters are modeled as a first-order system
with a 0.01 time constant, and the maximum thrust forces of the DCS and ACS are
set to be =10g and +3g, respectively. Figure 4 shows the initial engagement ge-
ometry of the simulation, where the superscripted [Vr] denotes the target velocity
coordinate system, the subscripted O denotes the initial value, and y; v, and 6y,

Table 1 Physical parameters of the missile

Parameter || m [kg] | I, [m] | Iy [m] | Ly [kg-m?] | I, [kg-m?] | L, [kg-m?]
Value 64 0.2 0.6 2.88 11.89 11.89




12 Jaeho Lee, Seokwon Lee, and Youdan Kim

are the azimuth and elevation angles, respectively, from the LOS coordinate sys-
tem to the missile velocity coordinate system. Note that x-axes of the missile body
and velocity coordinate systems are aligned in the initial stage. The initial condi-
tions of the missile and the target are summarized in Table. 2, where [Xjs Yy ZM]T
and [Xr Yr ZT]T are the position vectors of the missile and target, respectively, with
respect to the reference coordinate system, and Vs and V7 are total velocities of
the missile and target, respectively. The field-of-view limit of the seeker is set to
be +4 deg, and the initial look angle is 2.83 deg, and therefore the lock-on condi-
tion is satisfied in the initial time. In the simulation, a following 3-dimensional pure
pursuit navigation guidance law with respect to the missile velocity coordinate sys-
tem is used to generate the guidance acceleration commands of the pitch and yaw
accelerations [9].

a™ = _NVisdycosyLy, (53)
a%M] = —NgVM?'ty sin 67 y,, sin Yz v, +NgVM;Lz cos 6L v, (54)

where N, is the navigation constant which are set to be 6, A, and A, are the y and
z components of the LOS vector with respect to the reference coordinate system,
respectively, and Yz v,, and 6y y,, are the azimuth and elevation angles, respectively,
from the LOS coordinate system to the missile velocity coordinate system. And, all

711 (Yrvr),
x[Bl=x[Vml

Missile

yll

Fig. 4 Initial engagement geometry of the simulation

Table 2 Initial conditions of missile and target

[Xu Yar Zu)g [km)|[X7 Yr Z7]§ [km]| [¢ 6 w]§ [deg] |[Wiv, OLv,]o [deg]|Var. Vi [km/s]
001007 | [025v3 125]7 [[227.9887.74]7| [-178.5 2.5 | 4.5,2.5




DACS Type Missile Attitude Controller Based on the Nonlinear Disturbance Observer 13

design parameters of the sliding surfaces are set to be 1, and the control and observer
gain matrices are set as

(600 600 150 0 150 0
Koi=[010|, K,o=1]010|, Kii=|0100 |, Kia=| 0100
001 001 0 010 0 010
(18 0 0 800 200 050 0
=020 |, =[080|, ={020|, G=|0050
10 020 008 002 0 005

In the simulation, the sign function is replaced with the arctangent function to avoid
the chattering phenomenon [10]. Figures 5-10 show the results of the simulation for
the case of the sliding mode-based controller with and without the nonlinear distur-
bance observer. Figure 5 presents the trajectories of the missile and target, where
the solid line represents the trajectory of the missile and the dashed line represents
the trajectory of the target. The miss distance and altitude are 0.53m and 115.41km,
respectively, when the simulation ends at 7.13 seconds. Figure 6 shows the time
histories of components of the center of mass position vector, which are generated
using the time histories of the DCS thrust forces. Because the translational motion
of the missile is separated from the rotational motion in the exoatmospheric envi-
ronment, the sliding mode controllers with and without the disturbance observer
show the same results of the trajectory and DCS thrust forces. Figure 7 presents the
time histories of the look angle and ACS thrust forces, where the solid and dash-
dotted lines represent the responses of the sliding mode-based controller with and
without the disturbance observer, respectively. While the lock-on condition of the
controller with the disturbance observer is satisfied until intercepting the target, the

125+ \
1
— Missile !
i
£ Y,
110
1054
100 3 &0
- o 40
- 0 20
0.5 5
XU fkm] ! Y km}

Fig. 5 Trajectories of the missile and target
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Fig. 6 Time histories of the DCS thrust forces (left) and center of mass components (right)
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Fig. 7 Time histories of the look angle (left) and ACS thrust forces (right)

look angle of the sliding mode-based controller without the disturbance observer
quickly escapes from the seeker’s field-of-view. The ACS thrust forces of the two
controllers are almost identical, because the magnitude of the inner-loop control in-
put is dominant in the disturbance observer-based controller presented in Eq. (51).

Figures 8 and 9 show the time histories of the Euler angles and angular veloc-
ities, respectively, for the two controllers, where the solid line represents the re-
sponses of the states and the dashed line represents the responses of the commands.
As shown in the responses of the Euler angle and angular velocities, the sliding
mode based-controller without the disturbance observer cannot show the sufficient
tracking performance. On the other hand, the disturbance observer based-controller
shows the satisfactory tracking performances for both Euler angles and angular ve-
locities. Figure 10 presents the time histories of the true and estimated disturbances,
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which shows that the nonlinear disturbance observer has a satisfactory estimating
performance for high-order disturbances. In summary, for the exoatmospheric en-
gagement, the disturbance observer-based attitude controller maintains the lock-on
condition until intercepting the target by controlling the attitude of the missile prop-
erly, while the sliding mode-based controller without the disturbance observer does
not intercept the target.

5 Conclusion

Disturbance observer-based attitude controller for an exoatmospheric divert and at-
titude control system (DACS) type missile was proposed considering a narrow field-
of-view of the seeker. The dynamic model of the DACS type missile was derived
considering the varying center of mass caused by fuel consumption. The sliding
mode-based attitude controller was designed based on the missile dynamic model
without the variation of the center of mass. Then, the nonlinear high-order distur-
bance observer was designed to deal with the several types of variations of the cen-
ter of mass. The disturbance observer-based attitude controller was synthesized by
combining the designed sliding mode-based controller and disturbance observer.
Numerical simulation was performed for the exoatmospheric engagement to demon-
strate the performance of the proposed controller. The simulation results showed that
the small variation of the center of mass due to fuel consumption has a large effect on
the intercepting the ballistic target, especially for the missile equipped with a strap-
down seeker having narrow field-of-view. The simulation results also emphasized
that the variation of the center of mass should be compensated by the disturbance
observer.
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