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New robust flight control laws are developed for a reusable launch vehicle. The wide range of flight conditions,
and the impossibility to obtain wind-tunnel data for most of the flight domain, requires using a robust control
technique. The use of linear-adaptive control techniques to design the trajectory autopilot and to solve the inversion
problem is proposed. Subspace-stabilization techniques are used to design the inner loop of control, which controls
the vehicle attitude. The control is structured in two layers. The outer layer plays the role of an automatic pilot
offering two operational modes: a trajectory mode and an attitude mode. In the trajectory mode the flight path
and ground track are controlled, and in the attitude mode the autopilot controls attitude angles. The commands
generated by the automatic pilot are inverted, by the use of a new and rather novel algorithm, to determine the
required pitching, rolling, and yawing rate commands, which are then tracked by the inner loop of control. The
inversion implements either bank-to-turn or skid-to-turn steering. The linear-adaptive methodology circumvents
the use of difficult nonlinear control techniques and attendant analysis uncertainties through the use of linear
disturbance accommodation observers to estimate and cancel the combined effects of nonlinear and/or uncertain
terms. Subspace-stabilizationtechniques are used to steer the system error state to a certain subspace S representing
the described or specified servotracking error behavior, while controlling the motion on the subspace S to the origin
in error space. Some numerical simulation results are presented to demonstrate that the closed-loop response, with

the proposed flight-control law, accurately tracks the prescribed flight and ground track trajectories.

Introduction

ULTIPLE-INPUT/MULTIPLE-OUTPUT aircraft and reus-

able launch vehicle (RLV) control problems have received
considerable attention in recent years. Conventional single-input/
single-output control design techniques have been used in the de-
sign of first generation fly-by-wire combat aircraft and several
transport aircraft. Those designs are based on piecewise lineariza-
tion of the plant and on a scheduling of control gains. Feedback
linearization'~* addresses the nonlinear nature of the problem. The
combined use of feedback linearization with linear H,, design has
been investigated® where the H,, controlleris used to improve the
robustness to model uncertainties.

Tournes and Shtessel’ and Tournes® have investigated the appli-
cation of sliding mode control as a means of achieving both stability
and performancerobustness. A discontinuousbang-bang-type con-
trol is used to move the system’s state to the sliding surface and
rapid switching (chattering) of that control is used to keep it on the
surface thereafter. The smoothed sliding mode control’ approach
consists of replacing the discontinuous relay control by an ad hoc
linear saturation control law that is valid within a boundary layer of
the sliding surface.

Flight Control Problems

The inversion problemin flight control consists of calculating the
required inner-loop pitching, rolling, and yawing rate commands
from the multiple commands generated by an outer-loop autopilot
that controls the flight-path angle y and the ground track angle x.
Those commands must to be transformed into commanded angle
of attack «, sideslip angle 8, and bank angle ¢ and then into pitch,
roll, and yaw rates g, p, and r. To accomplish the required inver-

Presented as Paper 98-4119 at the AIAA Guidance, Navigation, and Con-
trol Conference, Boston, MA, 10-12 August 1998; received 5 April 1999;
revision received 17 February 2000; accepted for publication 5 May 2000.
Copyright © 2000 by the American Institute of Aeronautics and Astronau-
tics, Inc. All rights reserved.

*Chief Scientist. Senior Member AIAA.

Professor, Department of Electrical and Computer Engineering.

278

sion, Bugasjski and Enns'® propose using a matrix formulation and
the use of pseudoinverses.References 4-6 and 11 also propose us-
ing feedback linearization techniques. Tournes and Shtessel’ and
Tournes® introduce the required nullity of the sideslip angle as an
additional relation, as well as special filters that enforce desired
flying qualities to provide the derivatives required for inverting the
dynamics.

Tournes and Johnson'>~'* have proposed an alternativetechnique
that tracks trajectory angles in the outer loop and calculates pre-
scribed pitching, yawing, and rolling rates to be tracked in the in-
ner loop, which achieves outer-loop commanded accelerations and
a zero value of the sideslip angle. An innovative linear-adaptive
controlleris then used to compensate for small inversion errors ap-
pearing in the inversion of angle of attack, sideslip angle, and bank
angle. Such errors are caused by model uncertainties relating the
desired acceleration of the angle of attack and bank angle.

The proposednovel method foraccomplishinginversion,applica-
ble to both aircraft and to turn-to-bank RLV, uses on-line estimation
of residual uncertaintiesin the inversion model. Those residuals are
estimated in real time using disturbance observer'>~!® techniques
and are used to effectively compensate for residuals in the calcula-
tions of the inversion.

The dynamics of the flight-path angle and of the ground track
angle can be described by the set of first-order differential equa-
tions (1) and (2). With reference to Fig. 1 for the corresponding
forces and moments, the two equations, describing the dynamics of
the trajectory in velocity axes, are®

. cos¢ sin¢ cos 8 cosy T, cos¢
Yy = z = Fy —
m vel m vel vel m vel
Ty sin ¢ cos
LI $cosp (1)
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where the variables y, x, and ¢ represent, respectively, flight-path,
ground track, and bank angles, and F;, Fy, Tz, and Ty represent
lift force, side force, and the normal and transverse thrust. The
aircraft trajectory is determined by the combined effects of F,
Fy, T, and Ty; moreover, assuming that the additional condition
B ~0,leadingto Fy + Ty ~ 0, is imposed, the flight-path trajectory
is governed by (Fz + T;) cos¢, and the ground track is governed
by (Fz + T;) sin¢. Thus, Egs. (1) and (2) can be written as

. cosp(Fz+T;) gcosy
y = - 3)
m vel vel
. sing (F; + T.
o Sng(Fz 1Ty @

m velcos y

We will represent the prescribed flight path and ground track
anglesby y*(¢) and x *(¢), respectively, where the time dependency
is sometimes omitted to simplify notation. Thus, Egs. (3) and (4)
can be represented in errors as

. . cosop(F, +T, cos
€y=}/*— o(Fy z)+g |4 5)
m vel vel
. . sin
€y =X*——¢(Fz+Tz) (6)
mvelcosy

where e, = y* —y and e, = x* — x. The total lift is represented
as the following sum of the contributions of the angle of attack «,
the deflection of pitch aerodynamic actuator (elevator, canard, or
elevon) §m, and the pitch thrust vectoring Am:

F,+T, =qS(Czoa+ Czs,8m) + Tya + Th Am @

M »/ Vy+ geosy
e &
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Combining Eqs. (3-7), one obtains
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The direct contributions of §m and Am to the flight-path and
ground track motions in Eqs. (8) and (9) are small compared to
that of the angle of attack; the flight-path and ground track motions
are, therefore, governed by o cos ¢ and « sin ¢. The aircraft control
problem can, thus, be divided into the following three subproblems,
as represented by Fig. 2:

1) The autopllot outer-loop control problem consists of designing
u,=a cos¢ and u, =@ sind, that is, designing the prescribed
angle of attack and bank angles @ and ¢ such that e, — 0 and
e, — 0 asymptotically.

2) The inversion control problem consists of designing the pre-
scribed attituderates p*, g*, and r*, the prescribedrolling, pitching,
and yawing rates, respectively,such thata — @, ¢ — ¢, and 8 — 0
asymptotically.

This paper presents the application of linear-adaptive control
methodology"~!® to solving the outer-loop autopilot and inversion
control problems, and subspace-stabilizatio techniquesfor the con-
trol of angular rates in the inner loop of control.

3) The inner-loop control problem consists of designing the de-
flections of roll, pitch, and yaw actuators 8/, §m, and én such that
actual rolling, pitching, and yawing rates asymptotically track the
prescribed attitude rates. That is, p — p*, g — ¢*, and r — r*.

This paper proposes using subspace-stabilization control tech-
niques to achieve the required robustness in the control of the atti-
tude rates.

Linear-Adaptive Autopilot

Examination of Egs. (8) and (9) reveals several important points:

1) Equation (8) contains a nonlinear term.

2) The aerodynamic coefficients cz, and czs in Egs. (8) and (9)
vary with flight Mach number and are uncertain. Whereas relative
model errors of 5-10% are common for aircraft, the relative error
may reach 20-30% for RLV.

3) Measurements of the angle of attack « are notalways easy, nor
are they necessarily accurate.

4) In principle, it is easy to measure accurately the deflection
of each of the control surfaces; measuring accurately the control
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surface position, however, only solves part of the problem because
the lift forces created by the actuator are roughly proportional to the
sum of the actuator deflection and the local angle of attack, which
may differ from the reference angle of attack due to downwash
aerodynamiceffects. In Egs. (8) and (9), the effects of only a subset
of variables are known, whereas the effects of each of the other
variables are either too complicated or sufficiently uncertain to be
taken into account in the design of the controller.

As pointed out in Ref. 15, the ultimate adaptive controller is
a universal controller that does not require a priori, quantitative
knowledge of the plant model’s structure. Thus, an ultimate adaptive
controller for the plant described by Egs. (3) and (4) would only
require the knowledge that the generic structure of the equation has
the form

y = —(g/vel)cosy —z,+b-u, (10)

where the structural form of the function z, (-) may be imperfectly
known. This happens to be the case in flight control because the
model in Eq. (8) is only an approximation of reality. In particular,
not only are the effects of the variables §m and Am imperfectly
represented, but also the effects of other variables are not included.
Given that each term and state variable of Eq. (8) can be written as
the sum of the true value of the term, and given the error made on
the modeling or the measurement of that term or variable, Eq. (8)
can be rewritten as follows:

. G Sref COSP - - < .
i = —%[cza (o + &) + (cz5 + E25)(Sm + 3m) + c2,d]

B [T(x+@&) + Talcosg B

m vel

qucf T
b =|— s
vty (mvel+ mvel)acmd} (1

where (?) represent either model errors or measurement errors and
w is a disturbancerepresenting the effects of all other variables not
includedin the model. As shown in Ref. 15, what one really needs to
design an ideal universal adaptive controlleris real-time knowledge
of the combined time effects of all of the terms on the right side of
Eq. (11), other than the terms bu, and y* + g cosy /vel. The latter
three terms represent, respectively, the effects of the control, the
derivative of the prescribed flight-path angle, and the effects of a
nonlinear term.

. 8
"+ —cosy —b
w+y + vel cosy YUy

Linear-Adaptive Controller Design Technique

Following the linear-adaptivecontrollerconcept, as introducedin
Refs. 15-17, the system flight-path and ground track response error
can be represented as

. . 8 quchZa T
=yp* —cosy —b,u,, b, = —
GV vel cosy vty 4 m vel + m vel
(12)
. .k 1 quchZa T
G = A by bX:co%y( m vel +mvel>
(13)

where the dependencyof z, and z,, on angle of attack, control terms,
and velocity is omitted to simplify the notations. One of the key ideas
of linear-adaptivecontrol is to split the total control effortinto three
terms u = uy + u;, + u,. The first control term u, compensates for
the undesirable time-variation effects of known nonlinear terms,
the second term u, compensates for the combined time-variation
effects of all uncertain terms and the third term u, is a feedback
control designed to achieve the prescribed error response. Thus,

ym = (1/b,)ly" + (g/vel) cos y],

u)(.nl = (l/bx)x*»

w,, =2,/b, (14)

Uy n =2,/b, (15)

Replacinguy =)+ ey, + Uy and () =y, x inEgs. (12) and
(13), and provided that the real-time estimations Z, and Z, of the
time variations of z, and z, are accurate enough, we obtain

f:’y =2y — 2y - byuy_e ~ _byuy.e (16)
éX =2y — 2)( - quX-L’ ~ _bxux.e a7n

The desired ideal dynamic behavior of the error response, e, =
()* = (+) and (-) =y, x is embodied in the following ideal-model,
which is assumed to be specified by the designer

€+ LL0eo T 80en =0, O =v.x (18)

With the introduction of an additional state

t
/ €y dr
0

representing the time integral of the tracking error, the application
of this model to our flight-path equation, which is a first-order dif-
ferential equation, leads to
t
é(.) + 51_(.)6(.) + Zo_(.) / € dr = 0, () =V, X (19)
0

Combining Egs. (16-19) we obtain the final design of the con-
troller. For the RLV application considered, the characteristic fre-
quencies @, and @, of the prescribed flight-path angle and ground
track response errors are chosen to be 0.2 and 0.04 rad/s, respec-
tively. The gains in Egs. (18) and (19) are ¢, () = 1.4, and § () =

2
.
Thus, the final idealized designs of the adaptive autopilot control
laws are

t
+l4wye, + @, / e, dr} (20)
0

t
Uy =&sin$=b;l{)'(*+ZX+1.4ery+w;/ eXdr} 21
0

Disturbance Accommodation Observer

The next step in our autopilot design procedure is to incorporate
areal-time disturbance observer, using the methods of disturbance-
accommodating-contrd (DAC) theory.”>~'® For this purpose, the
dynamics governing tracking errors can be written as follows

é,=2,+U, (22)
where
U, =y*+gcosy/vel —b,u, (23)
and
éy =27, +U, (24)
U, =x"—by-u, (25)

The design of the DAC disturbance observer to estimate z,, and
z, follows the ideas presentedin Refs. 15-18, where we will model
the time behavior of the quantities to be estimated by a generalized
spline model of the form

flx®Ol=c i)+ +ceufu), i=1,....,.M (26)

where the set of known or chosen functions { f; (f)} constitutes a
finite basis set and the set of weighting constants {c;} are unknown
and may vary in time in an unknown, stepwise-constant manner,
that is, jumps in the c; values are sparse in time. Here, the basis
functions f;(t) will be chosenas fi =1, f, =t, and f; =¢>. In that
case, Egs. (22) and (25) can be represented by the generic model

y=z+U, 1 =2 +0o()

2 =23+ 05 (1), 23 = 03(1) 27
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where z=(z1, ..., z3)" is the state of z(, where (-) =y, x, and the
o;(t) are time sparse sequences of totally unknown impulses that
mathematically model the uncertain jumps in the c; in Eq. (26). Fi-
nally, the corresponding DAC-type disturbance observer algorithms
for generatingreal-time estimates of the unknown states z; (¢), z, (¢),
and z3(¢) and the correspondingreal-time tracking estimates ¢, and
é, are obtained from Ref. 15, page 1219, by writing

e, =y*—acospb, +gcosy/V+2Z, +ki(e, —¢,)

gl-y = 22-y +ka(e, — éy), 22.y = 23.;/ + k3(e, — éy)

Zy, = ki(e, — &,) (28)

e, =x"—asingb, +2,, +ke, —é,)

Z1.)( = 22.)( +k2(€)( - él.x)a Z2.)( = 23.;( +k3(€)( - é\1.;()

Zay = ka(e, —é1y) (29)

For our RLV application, the eigenvalues for the flight-path ob-
servers will be chosen as A; =—50 and j=1,4 and the cor-
responding gains are k; =200, k, =15,000, k3 =500,000, and
k4 =6,250,000. Choosing for the ground track observer an inte-
gral of time multiplied by absolute error (ITAE) type'® ramp-input
law with a characteristic frequency response of 50 rad/s, the gains
are k; =120, k, =12,325, k3 = 676,250, and k, = 6,250,000. The
controls generated by the autopilot can, therefore, be written as the
following practical realization of the idealized adaptive controllers
in Egs. (20) and (21)

where when the skid-to-turn mode is chosen, Eq. (32) is replaced
by ¢ = 0. In both cases the corresponding angle of attack is given
by

a=1i,cosd+i,sing (33)

2) Real-time observers are used to estimate &AanAd @. The corre-
sponding estimated variables are denoted by &, ¢, &, and .

3) In the case of the turn-to-bank autopilot, the prescribed trajec-
tory anglesand theirderivativesand the estimated angle of attack and
bank angle and their derivatives are used to calculate the prescribed
pitch and yaw Euler angles, 6, and ., which can be approximated
by

0. = y* + sin"'(@cosd + Bsing) (34)
o _, [ @sing —Bcos¢
wc =X -+ tan (—COSQC ) (35)

The third Euler angle is the bank angle already calculated.
Notwithstanding the prescribed value 8 =0 of the sideslip angle,
we keep B explicit in Egs. (34) and (35) to cover extended cases
where a nonzero sideslip angle may be prescribed and to introduce
later the inversion error corrector scheme adopted. The time deriva-
tives of 6. and . are

S dcosg —agsing + Bsing — Bcos o
be=v + [1— (@ cos¢ + Bsinp)?]0s (36)

(37)

.S.”c:

o cos 6. (a sind?-i—&(f; cosd — B cosd + B singe) + sin6.6, (@ sing — B cos )
X

cosf?+ (@sing — B cos @)’

~ ~ BT BRNEN 8
uyzacos¢=byl{y +Z1_y+acosy
t
+1.4wy6y+w}f/ e, dr (30)
0

t
u, =asing = b;l {X* +2i, + ldwye, +w§/ ey dr}
0
3D

New Inversion Technique
Analytical Inversion

Let us assume, initially, that the following simplifying assump-
tions are valid:

1) The lift produced by aerodynamic and propulsive effects is di-
rectly proportionalto the coordinatedangle of attack &. This means
thatthe effectsof actuatordeflections from trim conditionsare essen-
tially zero. Although this assumption might be valid when averaged
over the entire flight, it is not necessarily valid at each moment of
time.

2) The value of the coefficient b, = (qS;scz, +T)/m vel is
known perfectly. This we knowis notnecessarilythe casein practice.

3) The resultant force lies in the plane of symmetry of the aircraft
and the sideslip angle is regulated to zero. Should this not be the
case, the effects of a transversal lift proportional to 8 sin¢ would
add a term to the flight-pathequation and the effects of a transversal
lift proportional to 8 cos¢ would add a term to the ground track
equation.

The proposed analytical inversion procedure is as follows:

1) The angle of attack & and bank angle ¢ are calculated using
condition (2), that s,

¢ = tan"' (i, /i) (32)

4) In the case of the skid-to-turn autopilot, ¢ and $ = 0 in
Eqgs. (34-36) and

Vo= x*+cosb.i, (38)

Equations (34-38) include & and ¢, the time derivatives of pre-
scribed angle of attack angle and prescribedbank angle. The method
used in Refs. 7 and 8 to calculate those quantitiesis to filter & and .
That method permits one to introduce desired flying qualities and
to calculate corresponding first derivatives of filtered signals. The
selection of that filter’s response characteristic frequency must seek
a compromise between a sufficiently fast response and acceptable
noise levels. The characteristic frequencies of the angle of attack
and bank angle filters were chosen to be 2 and 1 rad/s, respectively.
Assuming that @ and 8 are small and that |6, | is smaller than 80 deg,
one can rewrite Egs. (36-38) with the expressions for the estimated
states and obtain

écz}}*+§cos$—§$sin$+/§sin$—Ecos$¢§ (39)

ésiné-}—éw/%cosf)—ﬁcosé

=t
v X cosé.
tanf. ~ . o~ A
+ (a sing — B cos@)b. (40)
cosf,

The inner loop of control tracks the roll rate, pitch rate, and yaw
rate commands p, ¢, and r as generated by the inversion procedure
using the following equations

p=¢—.sind (41)
g="1v. sinécosé +6, cosJ; (42)
F=1, cos</§cosé —6. sindf (43)

where p, ¢, and r are the prescribedinner-loopprofiles, if we assume
a perfect inversion. We will now show how to correct inversion
errors.
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Correction of Inversion Errors

Calculation of the prescribed angle of attack & and of the pre-
scribed bank angle ¢ is based on the simplifying assumptions that
1) the lift is solely proportional to the prescribed angle of attack,
2) the correspondinglift gradientis exact, and 3) the resulting force
lies perfectly in the symmetry plane. Those assumptions are not
exactly satisfied in practice. Because the relation between pitching,
rolling, and yawing rates and Euler angles is holonomic, their trans-
formation should not involve any error. Therefore, any errors that
appear in the inversion will be associated with the aerodynamic an-
gles. Supposethe time evolutionsof the inversionerrors are modeled
by the generic differential equation

da 8q
(SB =F@a,88,8¢,a,¢,p,q.1,v,y, X, dm,dn,38l) + B| ér
8¢ 5p
e a—a
Bl=]0-8 (44)
3¢ ¢—9¢

where [8g 8r 8p]” is an inversion correction term to be added
to the inner loop’s prescribed pitch, roll, and yaw rate profiles, so
that the inner loop actually tracks [ + 8¢, ¥ + &r, p + p]”. The
following differential equations will be used to model, in velocity
axis, the behavior of the angle of attack «, the sideslip angle 8, and
the bank angle ¢:

cos sin ¢ cos
& =¢q— (pcosa + rsina) tan B — ¢)}— ¢ y).( (45)
cos B cos B
B = psina — cosa — singy + cos¢ cos yx (46)
. cosa sino
¢ = p+ r +tan B cos ¢y
cos B cos
+ [siny + tan B sing cosy ] x 47

We do not need to derive the explicit expression for the vector F in
Eq. (44). Rather, itis only necessaryto derive the matrix B represent-
ing the effects that corrections dq, g, and 5 have on the evolution
of the errors. Using Egs. (45-47), we obtain, in the neighborhood
of the prescribed turn conditions,

Sa 8q
88 | =F+B| or
8¢ 8p
1 0 0
B = 0 —cosa sina (48)

sing tanf, cos¢ tané, 1

For the representative RLV flight profile used in our simulation,
with |¢| < /2 and the combined value of «(¢) and 6(¢), the matrix
B turns out to be always invertible. Designating by [Z1s Z15 Zig]"
the real-time estimation of the three-vector F in Eq. (44), the vec-
tor correctionterm [8q &r §p]T, which cancels the effects of F in
Eq. (44) and achievesthe prescribedbehaviorofthe inversionerrors,
is obtaining by solving Eq. (48) and is given by

8q aCOl’
(Sr = B_l ﬂCOl’
81) ¢COI’

t
—a, 80 — ao/ Sadrt
0

+ —blaﬂ—bo/ 8B dr (49)
0

t
_d18¢ - do/ (S¢ dr
0

Introduction of the Correction

Although, in principle, one could introduce the inversion error
corrections as additive terms to the prescribed pitch, roll, and yaw
rates as described, the drawback of that approach is that it would
introduce a discrepancy between the calculated and actual Euler
angles. In this subsection we will show that the same correction
can be achieved by substituting [ & + cor B+ Beor &+ ool for
[& ﬂ </>]T in Egs. (39) and (40), where the correspondingobserver
states and the nullity of the prescribed sideslip angle are introduced
to replace the prescribed angle of attack and bank angle terms. We
will demonstrate that this latter formulation satisfies

— . -
—a; 6o — ao/ Sadr
s .
5B | = | —bi1g — b / 8B dr (50)
S¢ 0
t
—d18¢ — d()/ (Sgbdf
L 0 -
6éc = Ocor COS$ - é{: “ Peor Sin$ + Beor Sin$ (51)
(chzacorSin$+é¢er;)S$_ﬂcorCOS$ + tanz ( H¢)89
COS G, COS G, (52)

This is demonstrated by combining Eqs. (41-43) and (51) and (52)
and assuming that & tan 6. is small (either because large pitch angles
imply that the angle of attack is small or because large angles of
attack are associated with relatively small pitch angles) and leads to
the result

8q oo 1 0 0

or| =D ﬂcor 5 D= 0 -1 é{:

3p Peor, sing tand, —cos¢tanf, 1
(53)

For small angles of attack we have D = B~!, which establishes that
at the end of the settling time of the observers, which estimate the
time variations of the vector F, Eq. (48) can be written as

t
—ado — ag/ Sadrt
0

(SC{ 21.0( '
SB|=F+BB'| —|2,,|+ —blaﬂ—bo/ 5B dr
8¢ Z1s 0

t
_d18¢ - do/ (S¢ dr
0

t
—ado — ag/ Sadrt
0

0

Sa

8¢

t
—d18¢ — do/ (Sgb dr
0 .

In the RLV application considered here, the eigenvalues asso-
ciated with the error responses of the corrections of the angle of
attack, the sideslip angle, and the bank angle are chosen to be
}\.4)_1/2 5 )"ﬁ.l/Z —0.7+£i0.7and )"a.l/Z =—14+il.4. COnSequently,
bo=dy=1and b, =d, = 1.4 and ap=4 and a; = 2.8 in Eq. (54).

Rewriting Eqs. (41-43) with the new entries

[ ’8{ + Qcor é +ﬂcor $ + ¢cor]T
leads to the following expressions for the correction controls:

P =P80 = ¢+ e — (W, +8Y,) sind (55)
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¢ =q+8q =, +8V,) sind% cosd + (6. + 86.) cos$ (56)
r*=r+ér= (t/}c + 61/}6) cos¢§ cosf— 6. + 86,) sind% (57)
where 89.6 and 81//6 are defined by Egs. (51) and (52).

Real-Time Estimation of Uncertain Terms
in Inversion Error Dynamics

A set of DAC observers that estimate z(, where (1) =«, B, ¢ can
be derived using Eq. (48). For this purpose, the prescribed charac-
teristic equation common to all three observersis based on an ITAE
optimal characteristic polynomial'® with a characteristic frequency
w(y where (1) =a, B, ¢ of 7 rad/s. The final forms of those three
observers are

sa 21 o + koro (B — 88) + 8¢
2o | = | Zow + Koy (8o — 86) (58)
5. kos o (Sa — 8@)
5B 514 + ko1 (88 — 8F) + sin G@8p — cos @sr
21.;‘3 = 2o g+ koy5(88 — B) (59)
Zap kos 5 (68 — B)
w
21.¢ =
| 224

_21_4, +koy » (8¢ — 8p) +8p+ sin¢Atan9£8q + cosétan@c - 8r
%oy +kos 5 (88 — B)
ko34 (38 — B)

(60)

Note that Eqs. (48), (52), and (53) contain the term tan6.. As
a consequence, Eq. (60) has a singularity for the value 6, = /2.
This type of difficulty can be overcome using quaternions. However,
the inconvenience of such an approach is that it complicates even
more a formulation of the equations that is already rather compli-
cated. Because such singularity terms appear only in the correction
of the errors, the remedy we use here is to restrict application of the
inversioncorrection to those cases when the value of 6, in Egs. (48)
and (52) is smaller than 80 deg. This imposed limitation appears
during the first 60 s in the mission just after vertical launch, where
the bank angle is still zero, and, therefore, the need for correcting
bank error has not yet appeared.

Inner-Loop Control Design

The design of the inner loop of control utilizes the subspace-
stabilization technique2*-*! This control design technique provides
the desired robustness in the inner loop that controls rolling, pitch-
ing, and yawing rates. It also serves to effectively decouple the con-
trol of each axis from the disturbing effects of the coupling terms
from the other axis. The design of each of the three channelsis iden-
tical, so we shall illustrate it by considering only the pitching rate.
For this purpose, with linear-adaptive control ideas, the equation
that describes the pitching rate® error response e, = (¢* —¢) can
be written as e, =q* —m[x(t)] + M,, A,,, where g* represents the
prescribed pitching rate, m[x(¢)] represents the combined effect of
all other terms in the error response other that the terms involving
the pitch thrust vectoring M,, A, where the symbol M,, =3G/9A,,
and A,, represents thrust-vectoring deflections. With the introduc-
tion of the disturbance z, ,, the pitching rate error response can be
written as

éq :Zl.q +MmAm» Zl.q :q* _m[x(t)] (61)
where the actuator response is represented by

A, =-—wA, +ou, (62)

A quadratic polynomial-spline waveform model, as used in
Eq. (28), was used to represent the time behavior of the uncer-
tain term Zlhg in Eq. (62). A DAC disturbance observer was then
designed as discussed earlier and has the following form

éq = Mm +21.q +k1 (eq - éq)a 2l.q = 22.44 +k2(€q - éq)

22.4/ = 23.44 + k3(€q - éq)a 23.4/ = k4(€q - éq) (63)
For our application, we chose the observer error eigenvalues asso-
ciated with Eq. (63) tobe A; = —50,i =1, ..., 4, which correspond
to k; =200, k, =15,000, k3 = 500,000, and k, = 6,250,000.

The three state variables were chosen as the time integral of the
tracking error, the tracking error, and its first time derivative. Thus,
Eqgs. (61) and (62) are written as

X 0 1 0 X 0
X =10 0 1 Xy | + 0
X3 0 0 —o | |xs 204t T2 + T My
0
+ 0 (64)
wM,u,

where

t
x = {x], Xy, x3} = {/ e, dr, e, e }
0

e, =q" —q, and w represents the characteristic frequency of the
first-order response of the actuator.

Subspace Stabilization

The main control objectives required to effectively achieve a sat-
isfactory error response are 1) prompt regulation of the system state
x(t) to the prescribed value x(#)* generated by the aforementioned
filters, that is, x() — x(¢)* as t — 0o, and 2) as x(¢) approaches
x(1)*, maintain an acceptable error response in accordance with a
specified ideal model differential equation such as

é+aé+ age =0, e= ()= (), )=gq,p,r (65
where (-)* and (-) are, respectively, the prescribed and actual be-
haviors of the system outputs we want to control. The prescribed
values of «; and oy embody the desired automatic pilot settling
time, overshoot, damping, and other requirements. The subspace-
stabilization control technique introduced in Ref. 20 has opened up
the possibility of achieving significant improvements in regulation
and servo-tracking control problems. Using that technique, we de-
sign the controller to obtain a prescribed error response according
to objective 2, which then guarantees the fulfillment of objective 1.
For that purpose, a subspace of the system error space, representing
the desired behavior of the error time response, is defined, and the
controlis then designed to stabilize e(#) to that prescribed subspace
in error space.

Brief Summary of the Subspace-Stabilization
Control Technique?-*!

Let E" be the n-dimensional Euclidean space of coordinates

{x1,Xx2,...,x,} and let S CE" be the p-dimensional subspace
spanned by a given set of p linearly independent vectors {m, m,,
cooamy)

The (linear) subspace-stabilizaton control problem is to find a
feedback control # = Kx such that all solutions x(#) of the closed-
loop system x =Ax 4+ BKx asymptotically approach S as t — oo
and such that all motions x(¢) € S satisfy prescribed boundedness
or stability conditions. For our application, the surface S represents
the desired time behavior of the error state components in Eqs. (65)
and is defined for each control channel, by an expressionof the form

X1.0)
Sy oo, o, 1] [ X209 | =0, ()=p.q,r (66)

3.0
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The essential mathematical features of the subspace-stabilizatim
control problem and its solution become clear when viewed in a cer-
tain transformed coordinate system x — (£, &,)” where the norm
of the subvector £, € R' constitutes a measure of the distance to
the subspace S and the subvector &, € R? represents the motion of
the error state on the subspace S. The system model is transformed
from the original x coordinates to the £ coordinates using a special
nonsingular transformatior?” that projects the system state x into a
component C#¢£, perpendicular (orthogonal) to the subspace S and
a component M&, lying in the subspace S.

Because the given matrix M = {m,m,, ..., m,} consists of p
linearly independent columns, Rank(M) = p. Let C be any (n —
p) X n matrix having rank (n — p), such that CM = 0. The transfor-
mation from the x system to the new ¢ system is defined by

3 & ¢
x=[C#|M]|:—, E=|—|=|=#|x
13 13 M
ct=c' (o), M#=M"M)'M"  (67)
We will consider the linear, state-feedback control law u = K, x
where K, is to be designed to achieve prompt stabilization of x(7)
to the subspace S.
In the new & space the original state equation x =Ax + Bu is
transformed to the block system

A in Eq. (6{), the applicationof conditions 1 and 2, and the conver-
sion from K; and K, to K, =K, C + K,M# leads to the following
control-law expressions for the three channels,

Ue(y = [I/WM(->]{—22.(-> - wZz_(.) — popxy ) + (—pa;

O =gq,p,r (12

where the first two terms of Eq. (72) compensate for the effects
of the disturbance term and the next three achieve the stabiliza-
tion to the subspace S. For our NASA WBO0O01 application we will
choose the parameter values oy = 100, oy = 14, and p = 100.

— )Xy + (—p — oy + @)Xy },

Reusable Launch Vehicle Simulation Model

This study used NASA’s (WB001) lifting body model*? as rep-
resentative of a generic RLV. The model consists of separate sub-
blocks, describing US76 atmosphere, the variation of mass, iner-
tia, and the position of the center of gravity. A constant specific
impulse is used to calculate the mass variation. The aerodynamic
block models aerodynamic forces and moments resulting from the
angle of attack and the sideslip angle. Attitude control is provided
by the coordinated deflections of the seven nozzles associated with
the WBO0O1. We assume that three of those nozzles are oriented
pitchwise to provide pitch moments, two of them are oriented yaw-
wise to provide the yaw moment, and, finally, the differential pitch
deflection of the remaining two nozzles provides roll moments.

&
which can written compactly as
: A +BK, | A, +BK,
[ﬁll} - A B K | A B K [61} (69)
& A + B>K, | Ap + B:K, &

Ay =CAC# — CCH#,

where

BIZCB, A12:CAM_CM

Ay = MEAC#H — M#CH, Ay = M#AM — M#M#

B, =M#B, K, =K,C#, K, =K.M

and

As shownin Ref. 20, a matrix K, solves the subspacestabilization
problemif, and only if, the following conditions on the matrices K,
and K; in Egs. (69) and (70) are met:

1) The matrix K, is designed to make the subspace S become
invariant for Eq. (69), that is, the state motion toward the subspace,
measured by the coordinate vector &, (¢), is decoupled from the state
motion on the subspace S, as measured by &, (7). This requires that
K, be such that the upper-rightblock of the closed-loop state matrix
in Eqgs. (68) and (69) becomes a zero matrix. It is also required
that the same K, be such that a satisfactory behavior of &,(f) on
the subspace § is obtained. The latter behavior is represented by the
eigenvaluesof the matrix R = A, 4+ B, K, as shown in the following

expression:
¢ | 4 0
@)-atdle] o
&2 A21+BzK1 R &2

2) The matrix I_(l is designed such that the system state x(7)
promptly approaches S, that is, &, (f) — 0, within a specified set-
tling time. In our case, due to the very simple structure of the matrix

&7 [ cAc#—cCC#+ CBK.CH
T | MH#ACH — M#C# + M#BK,C# | M#AM — M#M + M#BK.M

CAM — CM + CBK.M } [& 1} 68)

13

A nonoptimum ascent profile to low circular orbit was designed
touse as much as possiblethe aerodynamiclift during the initial part
of the ascent. The orbit was attained, at 150 km of altitude, with 5%
of total fuel remaining. The automatic pilot tracks the pitch angle
profile until the velocity reaches 20 m/s. At this point the trajectory
automatic pilot is engaged. To avoid a discontinuity, the switching
is progressive with a blending of the two automatic pilot laws over
a 10-s interval. A front windshear disturbance d,, represented by

o, h—12,000\"
dw ==&Xpl \ — )
% 4000

was introduced at the level of the tropopause. The windshear equa-
tion (73) produces a flight-path disturbance having peak amplitude
of 1.6 deg.

The ground track automatic pilot is used as a bank-to-turn auto-
matic pilot during the initial and midsection of the ascent trajectory.
The ground track turn-to-bankautomatic pilot cannot be used before
the pitch angle 6 becomes smaller than 80 deg and it cannot be used
for altitudes greater than 35,000 m where the degraded aerodynamic
lift results in insufficient control authority for lateral maneuvers. A
ground track skid-to-turn mode is used during the second half of
the ascent mode, with a long progressive blending transition of the
two modes. A ground track correction of 2 deg is also initiated at
time =60 s.

o, =10 (73)

RLYV Simulation Results

The prescribed and actual flight-path angles are shown in Fig. 3.
The flight-path angle and ground track tracking errors are shown in
Fig. 4, with the correspondingdisturbance(73). These simulationre-
sults show an 80% cancellationof the flight-path angle disturbance.
The lesser performance of the ground track autopilot compared to
the flight-path autopilot performanceis due to a smaller control au-
thority. The flight-path and ground track errors at the end of the
ascentare 0.5 x 10~° and 0.02 deg, respectively.

The time variations of the angle of attack and the bank angle are
plotted in Fig. 5, which illustrates the relatively large variations of
those angles. The angle-of-attack, sideslip, and bank angle errors
are plotted in Fig. 6. These results show that the inversion errors are
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small, the largest error being an angle-of-attack error of 0.04 deg.
The performance of the inner loop of control attitude tracking is
illustrated in Fig. 7, which shows the prescribed and actual pitching
rates. The narrow maximum of 1.5 x 10~* deg/s appearing at time
90 s corresponds to the controller’s correction of the effects of the
flight-path angle disturbance. The variations of the pitching, rolling,
and yawing tracking errors are shown in Fig. 8, which demonstrates
that tracking of the prescribed attitude rates is excellent. The varia-
tion of the pitching actuator deflections, shown in Fig. 9, illustrates
the smooth behavior of the actuators using our controller.

110
100+ . . .
j —=—Vert autopilot prescrib. composite*
@ 30 ——Actual vert autopilot composite
o 70
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Tl
=
B
10 |
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Fig.3 Performance of flight-path automatic pilot.
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Fig.4 Autopilot performance in the presence of a disturbance.
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Fig. 5 Inversion: aerodynamic angles.
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Fig. 6 Inversion errors.
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.01
008 - —Pitching rate error
.006 —Rolling rate error
g 004 - —TYawing rte error
002
'\;Bj 0 iy yll }}l ’(‘_\
E _002} f
LE -.004 —
-.006 -
-.008 —
_01 | | L 1 1 1 1
0 50 100 150 200 250 300 350 400
Time (sec)
Fig.8 Inner-loop tracking performance.
9
8 = _pitch deflections of engines 4,6,7
7L
M
g 4
S 3
<
22
[«
1
¢
1 I

1 | ] | t 1
0 50 100 150 200 250 300 350 40
Time (sec)

Fig.9 Deflections of pitching actuator.

Conclusions

In this paper, a new form of flight-path angle and ground track
autopilotwas designed using linear-adaptivecontrol theory. The use
of DAC disturbanceobserversto automatically compensate for plant
and disturbance uncertainties,as well as nonlinear effects, provides
aneffectivedegreeof robustnessin the design. The calculationof the
prescribed pitch, roll, and yaw rates to be tracked in the inner loop is
basedon the condition 8 = 0. The design of the inner-loopcontroller
is based on the technique of subspace stabilization. Its robustness
is achieved through the control of the motion of tracking error to
a designer-chosen performance subspace S and the use of DAC
disturbanceobservers. The proposed design is simple and effective,
as demonstrated by the simulation results obtained.
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