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Missile Controlled by Lift and Divert Thrusters
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A new approach to the design of a kinetic-kill longitudinal autopilot steering the missile trajectory by the
combination of aerodynamic lift and divert thrusters (dual-thrusters control) and with its attitude oriented by
attitude thrusters is presented. The proposed approach may increase the total divert acceleration capability by up
to 100%, improving the end-game intercept accuracy, when such capability is required. The pitch plane autopilot
design is based on second-order sliding mode control using a nonlinear dynamic sliding manifold technique. A
robust high-accuracy tracking of the missile normal acceleration guidance command is achieved in the presence
of considerable model uncertainties created by the interactions between the airRow and the thrusters jets. Results
of the computer simulation demonstrate excellent, robust, high-accuracy tracking performance of the proposed

design.
Nomenclature T,T = attitude and divert thrust, N

a,a,a = distance from the center of gravity v = longitudinal velocity of a missile, m/s

along the longitudinal axis of the zZ,2,7Z = dimensional normal stability derivative

aerodynamic center and application with respect 'EOl , and

points of attitude and divert respectively, $ _

thrusters, m v q = anglelof attack; Right-path angles, rad;
C. = lift coefbcient gradient with respect and pitch rate, rad/s _

to angle of attack = commanded normal acceleration, fm/s
Cwy(C/'V) = moment coefbcient gradient with , = normalized attitude and divert
_ respect to pitch ratg, s°* thrusters forces
C = reference length, m = air specibc mass, kg/n _
D.D.D = distribution of multiplicative , = time constants of attitude and divert

disturbances thrusters actuators, s _
d,d,d = multiplicative disturbance factors ' = characteristic frequencies of attitude

applied to aerodynamic lift, attitude, and divert sliding surfaces, rad/s

and divert thrusters ) )
e = tracking error with respect Subscript and Superscript

to variable(+) . - ; ; ;
angle-of-attack and Right-path angle ; value, variable associated to attitude

tracki d and divert thrusters
rg(cj_t!ng g_rr;)rst,) ra = commanded, reference value
additive disturbances of variable(")

0]
D
1

g = acceleration of Earth gravity, ni/s
lyy = moment of inertia around the pitch .
axis, kg m2 I. Introduction
m = missile mass, kg ONTROLLING missile interceptions of maneuvering targets
Tmax » Tmax = maximum attitude and divert thrust, N in the medium endoatmospheric (20,000040,000 m) domain is

a challenging problem due to model uncertainties created by the in-
Received 10 January 2005; revision received 6 April 2005; accepted for teractions between the airiow and the thrusterds'[@llschoosmg

publication 8 April 2005; presented as Paper 2005-9223 at the Navigation, of higher interception altitudes aimed at reducw_lg the men.tloned
Guidance, and Control Conference, San Francisco, CA, 15018 SeptembeHNWwanted phenomena may not be always possible, especially for
2005. Copyrightc 2005 by the American Institute of Aeronautics and ~Short-range ballistic threats. Increasingly larger target maneuver ca-
Astronautics, Inc. All rights reserved. Copies of this paper may be made for pabilities require the kill vehicle to be capable of correspondingly
personal or internal use, on condition that the copier pay the $10.00 per-copylarger divert maneuvers. Whereas such maneuvers could be achieved
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, by the exclusive use of divert thrusters, this approach to increasing
MA 01923; include the code 0731-5090/06 $10.00 in correspondence with missile lateral divert comes at a price, by leading to larger and, thus,
theccC. ] . ) more expensive interceptors. An efbcient solution to this problem is
gl St sl At Proeser Dot o Mecaican the combned use of erodyramic divert and users e, i

! ' ' may increase the total divert acceleration capability by up to 100%.

AL 35899; christiantournes@davidson-tech.com. Senior Member AIAA. ical I-th | missil . ith di .
Professor, Department of Electrical and Computer Engineering; A typical dual-thrust control missile equipped with divert and atti-

shtessel@ece.uah.edu. Associate Fellow AIAA. tude conf[rol systems is.shown in Fig. 1. The combination of direct
asenior Scientist, Applied Research Department; ishkolnikov@ forces with traditional lift created by the angle of attack has also
ziimaging.com. been envisaged in aviation, using spoilers as a direct-lift device

617



618 TOURNES, SHTESSEL, AND SHKOLNIKOV

Aerodynamic

Divert thrusters force

Attitude thrusters , 4

Yaw divert
force

S Yaw
x attitude
force Pitch divert force

Pitch attitude

V force

Fig. 1 Dual-thrust controlled endoatmospheric missile interceptor.

concurrently with thelift created by the angle of attack, asameans
of achieving gusts alleviation.? A two-loop missile autopilot, where
the inner-loop pitch angle command calculated by an inversion is
the pseudocontrol of the outer loop, is studied in Ref. 3. The decou-
pling of the two loops requires the inner loop to be faster than the
outer loop.

Another problem is posed by the accuracy of theinversion dueto
model uncertainties. This approach generally requires some modal
decomposition using linear techniques, which are adversely affected
by model uncertainties and, because the missile flight conditions
vary rapidly, requireseffectivegain scheduling. Possiblesol utions™®
to the inversion are the usage of disturbance observers. Integration
of aguidance law and amissile autopilot is studied in Refs. 6-8 us-
ing subspace stabilization® and gliding mode control *** techniques.
In spite of the extensive development of robust control techniques,
diding mode control (SMC)'**remains the main choice in han-
dling bounded uncertainties/disturbances and unmodeled dynam-
ics. The idea in steering the system trajectory in finite time is to
custom chose the sliding manifold and keep it thereafter, by means
of high-frequency switching control and making that manifold in-
sensitive to matched disturbances. SMC was successfully applied to
the design of theaircraft autopilot,'>*3 reusablelaunch vehicleflight
control,**5 and the missile autopil ot.6 Whereas stabilization of the
dliding variable in single-input—single-output systems, by means of
thetraditional SMC, requires the system relative degree to be equal
to one with respect to the sliding variable, and high-frequency con-
trol switching leads to chattering that is difficult to avoid or attenu-
ate, high-order SMC, in particular, the supertwisting algorithm that
generates continuous control, can mitigate these difficulties.t’~%

In this paper, a second-order diding mode-(SOSM-) based au-
topilot is designed using a nonlinear dynamic sliding manifold®
(NDSM) technique for controlling missile interceptions of maneu-
vering targets in the pitch plane, in the medium endoatmospheric
domain, using acombination of aerodynamiclift and divert-thrusters
control. The use of aerodynamic lift increases considerably the di-
vert capability (up to 100%) of the missile, whereasthe use of divert
thrusters provides afast response to the guidance command. Model
uncertainties created by the interactions between the airflow and the
thrustersjetsaretaken into account and compensated for compl etely
by the SOSM/NDSM-based autopilot.

This paper is structured as follows. In Sec. |1 the dynamic model
of the vehicle is presented. The control architectureis discussed in
Sec. I11. In Sec. IV, the design of the autopilot is presented. Com-
puter simulations are discussed in Sec. V. Finaly, in Sec. VI, the
conclusions are given.

II. Pitch Plane Mathematical Model
of Dual-Thrusters Controlled Missile

Missile airframe dynamicsin apitch plane taken into account for
the control |aw design are given by?

& =0—(Zy+AZ)A+dy)a+ (g/V)cos(y) — (Zs + AZy)

x (14 ds) cos(a)s — (Za + AZx)(1+ dp) cos(a) A Q)

4= Mg+ AM)A +dy)a + Mgq + (Ma + AMA) (A +da)A
+ (M;s + AM;)(1 + ds)é 2
Y =(Zo + AZ)A+dy)a — (9/V) cos(y) + (Zs + AZy)

x (1+ ds) cos(@)8 + (Zs + AZA)(L+da) cos(@)A  (3)
with

Z,=pSVG,/2m,  Zy=Tpas/MV,  Zs = Tyaa/MV

Ms = as Tmaxs/lyy, Ma = aa Tmaxa/lyy 4

The divert and attitude thruster’s actuator dynamics are given by
A=/t (=A+Uy),  S=1/)(=8+U)  (5)

Missile acceleration normal to the velocity vector, the com-
manded output, is related to the flight-path angle rate, without
account for gravity, as follows:

Fr=y-V ©6)

Remarkl. It is assumed that the missile mathematica model
(1-6) is of aminimum or slightly nonminimum phase,?* otherwise,
the specially developed SM C techniques, based on dynamic sliding
manifold or stable system center,?>% could be employed.

Remark?2. Two types of model disturbances are introduced. The
first type of the disturbance is in the form of the multiplying fac-
torsd,, ds, and d, applied to aerodynamic lift, attitude, and divert
thrusts, respectively. They are caused by the interactions between
attitude, thruster jets, and the system of shock waves. At a given
time, the three disturbance factors are supposed to be decoupled,
and given the rapid firing rate of the thrusters, they are also decou-
pled from time sample to time sample. Note that the same random
samples are applied in the « equation and in the q eguation. Ran-
dom disturbance samplesd,, ds, and d, areuniformly distributedin
intervals+D,, £D;, and D », respectively. For simplicity’s sake,
longitudinal velocity is assumed to be constant. The second type of
disturbanceisintheform of additiveterms AZ,, AZs, AZx, AM,,
AM;, and AM,, which represent bounded slow-varying perturba-
tions/uncertainties in the stability derivatives. Also it is assumed
that |AZi/Zi| <1, |AMi/Mj| <1, and 1+d >0, i =a,8, A. In
the other words, it is assumed that factors d,, ds, da, AZ,, AZ;s,
AZA, AM,, AM;, and AM, do not changethesignsof the stability
derivatives.

The problem is to design a SOSM/NDSM-based pitch-plane au-
topilot using Egs. (1-6) that achieves asymptotic tracking by missile
acceleration I'(t) of commanded acceleration I'* (t), normal to ve-
locity vector, by meansof u;, i =3, A, in the presence of modeling
bounded uncertaintiesd,, ds, da, AZ,, AZs, AZx, AM,, AM;, and
AM, and asowheredivert thruster capability may beinsufficient to
follow commanded acceleration I'*(t) without the complementary
lift created by the attitude maneuver.

The perturbation terms in Egs. (1-3) can be simplified.
For ingtance, (Z, + AZ,)(1+d,)=Z,(1+d,), whered, =d, +
(AZ,/Z,)(1+d,). Therest of the perturbation terms can be pre-
sented similarly. Thus, system (1-3) isrewritten using theintroduced
simplified notation as

& =0 — Zy(14do)a +(9/V) cos(y) — Z5(1 4 ds) cos(a)s

— Za(1+dy) cos(a) A ()
4= My(1+d)a + Mgq + Ma(1+da)A + Ms(1+d5)8  (8)
Y = Zo(1+dy)a — (9/V) cos(y) + Z5(1+ d;) cos(@)$

+ Zx(1+da) cos(@) A ©)

Hereitisassumedthat 1+d, >0, i =a,, A.

Remark3. The command profile generated by the guidance sys-
tem I'*(t) is assumed to be doubly differentiable. Because the con-
trol functions u;, i =48, A, run thrusters with a frequency up to
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100 Hz, the missile normal acceleration I will not be double dif-
ferentiable due to Egs. (6) and (9). Therefore, the ' tracking is
replaced by an equivalent y-tracking problem with the command
profiles y*(t), y* (), and y*(t),

U i (9) e T
ry=—— V0=
1 t
Y = V/ Mdr, v =y (19)
0

generated in real time.

III. Control Architecture

The architecture of the missile flight control system (autopilot)
proposed in this paper isgivenin Fig. 2.

A. Command Profiles

The normal acceleration command I'* (t) is processed in a block
identified in Fig. 2 as command profiles. The purpose of the block
is to generate corresponding flight-path angle, flight-path rate, and
flight-path acceleration command profiles y*, y*, and y*, respec-
tively, and to calculate associated angle of attack, angle-of-attack
rate, and pitch rate command profiles o*, &*, and g*, that would
be required to follow to track the flight-path angle command pro-
file. Perfect model knowledge, that is, d, = d; = d, = 0, isassumed
when computing o*, &*, and ¢*. The processing filter also restricts
the magnitudes of command profiles.

B. Control Allocation Strategy

The command profiles block a so executes the control allocation
strategy. First, the command profilesy*, y*, and y* are easily com-
puted in real-time based on Eq. (10). Second, the angle-of-attack
command profile «* is computed in real time based on Eq. (9), as-
suming full knowledge of an aerodynamic coefficient Z, and y*(t)
inrea time, while nullifying the direct effect of attitude and divert
thrusts § and A in Eq. (9). Thisis

*

o =
! ’*+gcos( ) if 1_'*4—9005( *)_ <
Z. 14 V] Yl Z. -V Vi 14 | = Omax
if 1 -'* gcos( *)-
Qmax Z. _V + v 14 | > Cmax
if = _'*+ gcos( *)_
—a — = < —a
max» Z. -J/ V] 14 | max
(11)

The angle-of-attack rate command profile ¢* isidentified by differ-
entiating Eq. (11),

o — Y/ Z)ly* = @/V)y*sny)], ifle*| < omax
1o otherwise (12

The corresponding pitch rate command g* iscalculated in real time
as the sum of the commanded flight-path angle rate profile y*(t),
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Fig. 2 Missile flight control (autopilot) architecture.

calculated by Eq. (7) and the angle-of-attack rate ¢* that would be
required asindicated by Eq. (12) to achieve commanded flight-path
acceleration y*(t), in the absence of divert and attitude thruster
forces and assuming perfect knowledge of stability derivative Z,,,
that is,

g =a 4y’ (13)

The pitch rate command profile gq* is supposed to be followed
by aerodynamic thruster control us. Apparently g — g* implies ap-
proximate following o — «* while creating a cooperative distur-
bance term Z,« in EQ. (9). A high accuracy following « — o* is
not required.

Remark 4 Note that the angle-of-attack command in Eq. (11) is
limited by |a*| < omax, Whereas the limit ams iS governed by the
missile aerodynamics. Therefore, tracking o* does not imply an
accurate trackisng of y*, and the purpose of the attitude thrusters
control is to generate an aerodynamic maneuver, which in effect is
acooperative disturbance that alleviatesthe divert thrusters control.
Next, the difference between y* and y is steered to zero by the
divert thrusters control u, in the presence of aforementioned co-
operative disturbance, thereby increasing significantly the missile
overall divert maneuver capability.

C. Attitude and Divert Control

The block identified as attitude control calculates the attitude
thrusters control function u; that providestracking for the pitch rate
command profile (13). Itisclear that, even assuming aperfect model
and a perfect tracking of g*, this control could not achieve by it-
self satisfactory tracking of flight-path angle or its rate command
profiles. The block identified as divert control achievesthetracking
of the commanded flight-path angle profile. It calculates the divert
thrusters control function u,, in the presence of the normal acceler-
ation created by the aerodynamic lift. This acceleration constitutes
a cooperating matched disturbance with respect to divert control,
increasing the missile divert capabilities. In traditional designs, di-
vert control is supposed to track the commanded flight-path angle
rate minus the estimated or model ed flight-path angle rate achieved
by the aerodynamic maneuver itself. In the proposed dliding mode-
based design, thisis not required because SM Cs compensate for the
effects of matched disturbances. The advantage of such an approach
isthat asthe missile altitude and vel ocity vary so does the contribu-
tion of the aerodynamic lift to the total divert acceleration until that
contribution ceases to be significant, at which point attitude control
simply regulates the angle of attack to zero.

Remarld. The useof SOSM/ND SM-based control provideshigh-
frequency switching control actionsu;, i =6, A, that achieverobust
tracking of q* and y*. This approach fitsthe simplest thruster mode
of operation, that is, on—off, where effective thrust is obtained by
adjusting the duration of the pulse-width. Therefore, the switch-
ing frequency and duration of pulses of discontinuous controls us
and u, generated by SOSM/NDSM-based controllers can be easily
regulated via pulse-width modulators (PWM). Finaly, the pulse-
width modulated control functions us and u, are fed to the inputs
of thruster actuators Eq. (5).

IV. Control (Autopilot) Design

A. SMC Based on Nonlinear Dynamic Sliding Manifold
Traditional SMC, applicable to systems of relative degree one, is

able to stabilize the sliding variable to zero in finite time.1>*! Very
often, to obtain asystem of relative degree one, it isnecessary to de-
signasliding variabl e containing high-order derivativesof theoutput
tracking error. The downside of this procedureisthat differentiating
the output tracking error in noisy environment results in additional
errorsin thecomputation of the sliding variable. Thiscallsfor meth-
ods that will stabilize a diding variable and its derivatives to zero
in systems with relative degrees higher then one. Consider diding
variable dynamics given by a system with arelative degree two,

& =h(o,d,1) +k(t)us, k(t) > 0 (14)

With ky, < k(t) <ky and |h(o, 5, t)| <C.
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The BIBO stable internal dynamics are given by Eq. (22) and are
controlled by the SOSM/NDSM-based attitude control (27).

When the SMC design technique'® %1822 js followed, the divert
(flight-path angle) thrust sliding variableis introduced,

t
ch:ey-i—a)/ e, (r)dr, e=y"—y, w=10 (29)
0

Equation (29) showsthat, oncethediding surfaceo, = Oisachieved
at the finite time, the flight-path angle tracking error e; converges
to zero asymptotically according to the eigenvalue of o, =0.

Remark8. Theintegral term in Eq. (29) isused only to eliminate
a steady-state flight-path angle tracking error in the sliding mode
o, = 0, when SOSM/NDSM-based divert controller isimplemented
using PWM or a sample-and-hold technique.

Differentiating o, in Eq. (29) twice, thefollowing o, input—output
dynamics are derived:

&, = f,(t) —baUy (30)
where
f, ) =7+ wy* +[Z,(1+dy) — Zs(1 + ds) sSin(a)s
—Zy(1+dy) sin(@)Ala +[(g/ V) siny) — o]y
+ Z5(1 + dy) cos(w)d — [Za(1+ da) cos(er) /Ta] A
ba =[Zs (14 dx) cos(@)/74]

Apparently, the disturbance f, (t) is bounded in an operational do-
main ©,:|f, ()| <L, . The relative degree of Eq. (30) is equal to
two. Becauseit isassumed that |dx| < 1, Zs > 0and || < 0.5, then
ba > 0and b, <b, <bj, and the SOSM/NDSM based control in
Egs. (16) and (21) can be employed for stabilizing o, anditsderiva-
tive o, at zero at the finite time.

The SOSM/NDSM-based divert thrust controller isdesigned sim-
ilar to the onein Eq. (27),

|045 |0,5

ggn(oy) - nyl)(y + U)/ s.gn()(y + ay)

Us = — 5, -Sgn(J,) (31)

Xy =Ayloy
J,=xy + oy,

Once the diding surface o, =0 is achieved, the flight-path angle
tracking error dynamics are described by

t
ey—i-w/ e (r)dr=0
0

D. Control Implementation
The control effect is achieved by selectively opening the valves
opposite to desired thrust. The simplest implementation is on—off

implementation where at |east one valve must be opened. Two con-
trol implementations were tested, the first one with a pulse-width
modulation and the second with a sample and hold.

To provide agiven firing/switching frequency (usually aslarge as
100 Hz) tocontrolsu;, i =6, A, that run the attitude divert thrusters
actuators, itisproposed using PWM of the control laws(27) and (31)
by mixing the nonlinear dynamic sliding variables J; and J, with
adither signal of 100-Hz frequency. The amplitudes of the dither
signals are 3x 1074 for J, and 0.01 for J,. It yields the pulse-
width modulated control functionsu;, i =8, A, comprising a set of
pulses with a 0.01-s sample interval, which width is modulated by
the current-time value of the nonlinear dynamic sliding variables
Jy and J,. Also, small deadbands are added to sign functions in
controls (27) and (31) to save the propellant used.

The sample-and-hold strategy is based on use of a sampler and
a holder (S&H). The attitude and divert high-frequency switching
controls u;, i =48, A, were sampled and held at 100 Hz, that is,
U; = S&H(u;). Then G, i =36, A, are fed to the inputs of thrusters
actuators.

V. Simulation

A. Simulation Setup

The parameters of a generic dual-thrust controlled endoatmo-
spheric missile are givenin Table 1.

Note that the missile autopilot may experience time delays due
to onboard computer latency. Addressing the time delaysin afeed-
back control system is achallenge. Special methods to mitigate the
problem are developed for SMC.?’ In this paper we study missile
autopilot without time delay.

Kill-vehicle velocity (which is assumed to be constant), initial
flight altitude, and flight-path angle are 35,000 m, 3500 m/s, and
y(0) = 0.5 rad, respectively. Commanded normal acceleration is
presented in Fig. 3, with peak commanded acceleration twice as
large as the divert acceleration achievable with divert thrusters
alone. Normalized thruster responses are represented by first-order
transfer functions asin Eq. (5).

Using this simulation scenario, we are going to demonstrate the
possibility of tracking a commanded normal acceleration twice
as large as that achievable using divert thrusters alone, by com-
bining the aerodynamic maneuver and the divert thrusters via the
SOSM/NDSM-based controller. Also, this advanced tracking per-
formance is robustly achieved in presence of considerable model
uncertainties created by theinteractions between the airflow and the
thrusters jets.

B. Simulation Results

The scenario was run for the two SOSM/NDSM-based control
implementations: PWM and S&H. Because the performances ob-
tained arealmost identical, only the PWM set of resultsis presented.
The most significant result is evidently the aimost perfect tracking

Table 1 Missile characteristics

Variable Description Value

m Missile mass, kg 100

Jyy Pitch moment of inertia, kg-m 2 4

Missile longitudinal velocity, m/s 3,500

CL, Lift gradient coefficient 2

ay Distance of the aerodynamic center from the c.g. along —x 0
body axis, m

as Distance of the application point of attitude thrust from the -0.3
c.g. dong —x body axis, m

aa Distance of the application point of divert thrust from the c.g. —0.01
along x body axis, m

Tmaxs Nominal magnitude of attitude thrust, N 3,000

Tmax A Nominal magnitude of divert thrust, N 30,000

Dy, Ds, Da Maximum magnitude of aerodynamic lift, attitude, and divert 0.3
thrust disturbances disturbance

S Reference surface, m? 0.0707

C Reference length, m 0.3

Omax Maximum value of commanded angle of attack profile, rad 0.5

T5, TA Attitude and divert thrusters time constant, s 0.005
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Fig. 15 Comparison of divert fuel consumption (kilograms) of S&H vs
PWM a) with and without deadband and b) attitude fuel consumption.

Theattitude control fuel consumptionsaresmall inall three cases.
The comparison is more relevant to liquid thrusters than to solid
thrusters, where, with the exception of few emerging technologies,
the fuel consumption isindependent of control activity. Divert fuel
required by the S& H optionisabout doublethat for the PWM option.
Interestingly, the deadband, although small, 0.0034 for the divert
control and 0.05 for the attitude control, achieves an additional 20%
fuel saving, asshownin Fig. 15.

VI. Conclusions

A new approach tothedesign of akinetic-kill longitudinal autopi-
lot steering the mi ssiletraj ectory by the combination of aerodynamic
lift and divert thrusters and with its attitude oriented by attitude
thrustersis presented. The proposed approach may increase the to-

tal divert acceleration capability by up to 100%. Significant model
uncertainties caused by the strong interaction between the thrusters
jets and the shock wave system around the body and slowly varying
biasesof the stability derivativesaccount for up to 30% of magnitude
of the divert and attitude thrust and represent a serious challenge to
theflight-path angletracking controller design. The paper proposesa
control architecturewherethemissile pitchrrateis steered to createa
cooperativedisturbanceto thelateral divert control. The SOSM con-
trol techniqueis used to design high-frequency switching divert and
attitude control for theinput—output dynamicswith arelative degree
two that is robust to matched disturbances and missile uncertain-
ties. The proposed pitch-plane missile autopilot design is based on
SOSM control with NDSM that alows avoiding adifferentiation of
the original diding variable. The high-accuracy, robust, flight-path
angle tracking performance is obtained using SOSM/ND SM-based
control with imbedded PWM that allows achieving a given firing
frequency of the thrusters. The simulation—example demonstrates
a high-accuracy robust tracking performance enforcing 100-Hz
control firing frequency. The same firing frequency and tracking
performanceisachieved using the S& H techniquewhileimplement-
ing SOSM/NDSM-based control. The design shows a remarkable
robustness to very rapidly changing model uncertainties created by
thrusters firing. Finally, the control design is simple and requires
very limited knowledge of the plant model.
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