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A multi-input/multi-output adaptive sliding controller is designed and analyzed for the longitudinal dynamics
of a generic hypersonic air vehicle. This vehicle model is nonlinear, multivariable, and unstable and includes
uncertain parameters. Simulation studies are conducted for trimmed cruise conditions of 110,000 ft and Mach
15 where the responses of the vehicle to a step change in altitude and airspeed are evaluated. The commands are
100-ft/s step velocity and 2000-ft step altitude. The controller is evaluated for robustness with respect to parameter
uncertainties using simulations. Simulation studies demonstrate that the proposed controller is robust with respect
to parametric uncertainty and meets the performance requirements with relatively low-amplitude control inputs.

Nomenclature C. = lift coefficient
a = combined uncertainty parameter, ft - s> Cy(g) = moment coefficient due to pitch rate
b = combined uncertainty parameter, /s Cy(@) = moment coefficient due to angle of attack
Cp = drag coefficient Cy(8,) = moment coefficient due to elevator deflection
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Introduction

YPERSONIC air vehicles are sensitive to changes in flight

condition as well as physical and aerodynamic parameters
due to their design and flight conditions of high altitudes and Mach
numbers. For example, at cruise flight at altitude of 110,000 ft and
Mach 15, a 1-deg increase in angle of attack produces a load factor
of about 0.33 g. Furthermore, it is difficult to measure or estimate
the atmospheric properties and aerodynamic characteristics at the
hypersonic flight altitude. As a result, modeling inaccuracies can
result and can have strong adverse effects on the performance of
air vehicle’s control systems. Therefore, robust control has been the
main technique used for hypersonic flight control."

The sliding mode control method provides a systematic approach
to the problem of maintaining stability and consistent performance
in the face of modeling imprecision. The main advantage of slid-
ing mode control is that the system’s response remains insensitive
to model uncertainties and disturbances.>* The most completely
developed area of sliding mode control is for single-input/single-
output systems (SISO).?> In Ref. 4, SISO sliding mode control is
extended to a class of nonlinear multi-input/multi-output (MIMO)
systems. Although the technique has good robustness properties,
pure sliding mode control presents drawbacks that include large
control authority requirements and chattering. The performance of
pure sliding mode control can be improved by coupling it with an
online parameter estimation scheme.’ Also, a sliding mode con-
troller can be implemented only if full state feedback is available,
a requirement not readily achieved in a hypersonic flight. The de-
sign of a state observer for the unmeasurable states based on sliding
modes has been proposed in Ref. 6, where it is shown that sliding
mode observers have inherent robustness properties in the face of
parametric uncertainty and measurement noise. An adaptive sliding
mode controller combined with an observer was applied to a SISO
magnetic suspension system in Ref. 7 and to a linear MIMO robotic
system in Ref. 8.

In this paper, design of a MIMO adaptive controller for a hy-
personic air vehicle based on the sliding mode control technique
is presented. The plant is the longitudinal model of a generic hy-
personic air vehicle.!? This model is nonlinear, multivariable, and
unstable with seven uncertain inertial and aerodynamic parameters.

The open-loop dynamics of the air vehicle exhibits unstable short-
period and height modes, as well as a lightly damped phugoid mode.
The control design described in the following sections consists of
four steps. First, full-state feedback is applied to linearize the dy-
namics of the air vehicle with respect to air speed V and altitude
h. Next, a pure sliding mode controller is designed. An adaptive
sliding mode controller is then designed to improve performance in
the presence of parametric uncertainty. In addition, a sliding mode
observer is designed to estimate the angle of attack and the flight-
path angle, which are difficult to measure in a hypersonic flight.
[Although with global positioning system- (GPS-) aided inertial
navigation it is reasonable to assume that the flight-path angle could
be calculated from the rate change of altitude and velocity.] How-
ever, in this study we consider the worst case where neither the
flight-path angle measurement nor its calculated value is available.
Finally, the overall controller is synthesized by combining the adap-
tive controller with the observer. Simulation studies are conducted
for trimmed cruise conditions of 110,000 ft and Mach 15 to evaluate
the response of the vehicle to a step change of 2000 ft in altitude
and 100 ft/s in airspeed. Parameter uncertainties are included in
the inertial and aerodynamic coefficients and are allowed to take
their maximum possible deviation in the simulation studies. The re-
sults demonstrate that at the trimmed flight conditions used for the
simulations the combined adaptive sliding controller is robust with
respect to parametric uncertainty and provides good performance
with limited control authority.

Hypersonic Air Vehicle Model

A model for the longitudinal dynamics of a generic hypersonic
vehicle developed at NASA Langley Research Center is presented in
Refs. 1 and 2. The equations of motion include an inverse-square-law
gravitational model and the centripetal acceleration for the nonrotat-
ing Earth. The longitudinal dynamics of the air vehicle model can be
described by a set of differential equations for velocity, flight-path
angle, altitude, angle of attack, and pitch rate as

_Tcosa—D psiny

V= — = 1)

. L+Tsina (u—V?*)cosy
V= mV B Vr? @
h=Vsiny 3)
a=q-y “)

M,
q= 1_ (%)
where

L=1pViSC, 6)
D =1pV3SCp @
T =1pV3SCr (8)
M,y = 5pV2SCCy(@) + Cu(S.) + Cu(q)] ©)
r=h+Rg (10)

The engine dynamics are modeled by a second-order system:
B =—2w,p—wpf+op (1n

For the purpose of this study, the aerodynamic coefficients are
simplified around the nominal cruising flight. The nominal flight
of the vehicle is at a trimmed cruise condition (M =15, V =
15,060 ft/s, h = 110,000 ft, y =0 deg, and g =0 deg/s). Parametric
uncertainty is modeled as an additive variance A to the nominal
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values used for control design. For illustration, only limited number
of uncertain parameters is considered,

C, = 0.6203a (12)

Cp = 0.645002 + 0.0043378c + 0.003772 (13)
0.02576 it <l

~10.0224 +0.003368  if B> 1 (14)

Cuy(e) = —0.035¢% 4+ 0.036617(1 + ACye)a + 5.3261 x 1070
(15)
Cu(g) = (€/2V)q(—6.796a® + 0.3015 — 0.2289)  (16)

Cu() = c.(ée — ) an
m = mo(l 4 Am) (18)
Iy = I(1 4+ AI) (19)
S =580+ AS) (20)

¢ =co(l+ Ac) (21)
p = po(l+ Ap) (22)
c, = 0.0292(1 + Ac,) (23)

where the nominal values are given by mo=9375, [, =7 x 100,
So =3603, ¢y = 80, and py = 0.24325 x 10~*. The maximum values
of the additive uncertainties used in the simulation studies are taken
as follows:

|Am| < 0.03, |AT] < 0.02, |AS| < 0.01
|AG| < 0.01, |Ap| < 0.06
|Ac,| < 0.03, |ACye] < 0.1 (24)

The control inputs are the throttle setting 8. and the elevator
deflection §,. The outputs are the velocity V and the altitude /. The
commanded desired values of velocity and altitude are denoted by
Va(t) and h,(t), respectively.

Input/Output Linearization

The longitudinal model of the generic hypersonic air vehicle de-
scribed by Egs. (1-5) is a special case of a general MIMO nonlinear
system of the form

m

=@+ ) a@u (25)

k=1

yi(t) =h;(x), i=1,....,m (26)

where f, g, and h are sufficiently smooth functions of x € i".
Input/output linearization uses full state feedback to globally lin-
earize the nonlinear dynamics of selected controlled outputs. Fol-
lowing the approach in Ref. 4, each of the output channels y; is
differentiated a sufficient number of times until a control input com-
ponent appears in the resulting equation. Let r;, the linearizability
index, be the minimum order of the derivative of y; for which the
coefficient of at least one u; is not zero. When the Lie derivative
notation is used, this derivative can be expressed as

3 =L+ Y L [L7 T o] @n

k=1

where the Lie derivatives are defined as

L= g gy 2y

A _8x1 ! dx, "
, dh; (x)
Ly(h) =Le[L; " (h))], Ly (hi) == =g

Given that the nonlinear system is I/O linearizable, for each output
y; there exists a linearizability index r;. Accordingly,

m
r= ri
i=1

is called the relative degree of the nonlinear system. The necessary
and sufficient condition for the existence of a transformation lin-
earizing the system completely from the I/O point of view is that
the relative degree r be the same as the order of the system, n, that is,
r =n. If r < n, however, the nonlinear system can only be partially
linearized. In this case, the stability of the nonlinear system given
by Egs. (25) and (26) depends not only on the linearized system,
but also on the stability of the internal dynamics (zero dynamics).
When the described technique is applied to the longitudinal model
of the hypersonic vehicle, the output dynamics for velocity V and
altitude & can be derived by differentiating V three times and &
four times as shown later. Therefore, the relative degree of the sys-
tem, r =3 +4 =7 =n, equals to the order of the system. Thus, the
nonlinear longitudinal model can be linearized completely, and the
closed-loop system has no zero dynamics.” The linearized model is
developed by repeated differentiation of V and & as follows:

V=5, V=ox/m, V=(o@+i%5)/m (28
h=Vsiny + Vy cosy
h=Vsiny +2Vycosy — Vy?siny + Vj cosy

h® =Vsiny +3Vycosy —3VyZsiny +3Vjcosy

—3Vyysiny — Vyicosy + Vicosy (29)
In Eq. (29),
Y = (), y=mx, y=mi+x Lt (30)

where x” =[V y « B h], fi and f, are the short-hand expres-
sions of the right-hand side of Eqgs. (1) and (2), respectively, and
w) =03f1(x)/0x, 2, =0w,/0x, T = df>(x)/0x, and 1, = 0w, /dx.
The detailed expressions of w;, 2, 7y, and I1, are given in the
Appendix.

The right-hand sides of Egs. (28) and (29) involve second deriva-
tives of o and B. The expression of the second derivatives for o and
B can be viewed as consisting of two parts: a part that is control
relevant and a part that is not,

ot cepVSE ¢ a1
a=u — )0,

0 21,

B =P+ wlB: 32)

where

do=3pV>Se[Cy(@) + Cu(q) —cal/l,y — 7 (33)

Po=—2w,p — ;B (34)
Whenjég =[V y Qo Bo h)is defined, the output dynamics of V and
h can be written in a form in which control inputs . and é, appear
explicitly,

V= fv +bube + bind. (35)

h® = fi + by Be + bné, (36)
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where

m

fr=3Vycosy —3Vylsiny +3Vycosy —3Vyysiny

(wlio +xT ngc) siny

—Vy3cosy +
m
+V cos y (¥ + & Tx) (38)
V2Scyw?
by = <w) cosa 39)
2m
cepVZSE . oD
bp=— —— || Ts — 40
? < 2ml,, )( sne 8a> “0)
pV3Scpw?\ .
byy=| ——= | sin(le + y) 41)
2m
c.pV?Sc aL oD\ .
byp=——)|Tcos(e+y)+| — )cosy —| — | siny
2ml,, do Ja
(42)
0.02576, B <1
Cp =
7000336,  g>1 (43)

D 1,
— = —pV?28(1.290c + 0.0043378)
o 2

aL 1

— =—pV25 x 0.6203

da 2PV 0

Sliding Mode Controller Design

The control design problem is to select a vector [3, 6,]7 that
forces the velocity V and altitude & to track some desired com-
manded values V,(¢) and h,(¢) in the presence of parametric uncer-
tainty. When the techniques introduced in Ref. 4 are applied, first
two decoupled sliding surfaces s; and s, are defined by

d e
Sl:(& +)\.1> \/(; el(r)dr,
_(4 + A o (r)d
S = ar 2 ; ex(7)dar,

where A; and A, are strictly positive constants defining the band-
width of the error dynamics. The sliding surfaces s; =0, i =1, 2,
represent linear differential equations whose solutions imply

/ei(f),

approach to zero exponentially with the time constants 2/1; and
3/X,, respectively, where the integrals of the tracking errors are
used to cancel the steady-state errors.’

Differentiating s, and s,, we have

el()y=V =V, (44)

ex(t)y=h—hy (45)

i=12

S"] = —Vd + ,fV + 3)\.1é1 + 3)\%61 + )\.?61 -+ bllﬁc -+ b]z(se (46)

2= —h 4 fr + 4y ér + 6236, + 4236, + Aser + by B, + bnb.,
(47)

which can be written in a compact vector form as

81 vy (x, 1) bu bu|| B,
= 48
|:52] |:U2(X, l):|+ |:b21 bzz] |:6e:| @

where
Vi, 1) ==V + fv 4306 4+ 322¢ + Ale; (49)
v (x, 1) = —hS + fi + 4haér + 6136, + 4A3ér + Ader  (50)

The sliding control design is then choosing the control inputs such
that the following attractive equations are satisfied:

1ds?
- < —k 51
2dr = 111 (51
ldsz:
——= < —k 52
T 2 |52 (52)

where k; and k, are strictly positive constants that determine the
desired reaching time to the sliding surfaces. The attractive Egs. (51)
and (52), also called sliding conditions, imply that the distance to the
sliding surface decreases along all system trajectories. Furthermore,
the sliding condition makes the sliding surfaces an invariant set, that
is, once a system trajectory reaches the surface, it will remain on
it for the rest of the time. In addition, for any initial condition, the
sliding surface will be reached in a finite time.?

When Eq. (48) is used, the controller that satisfies the sliding
conditions (51) and (52) can be chosen as

B, _p —vi(x, 1) — ky sgn(sy) B by b
6. | —vy(x, 1) — kpsgn(sz) |’ " ba by
(53)

where B is assumed to be invertible. It is easy to see that B inverse
does indeed exist for the entire flight envelope except on a vertical
flight path.? The control law (53) can be viewed as consisting of
two parts: the term —B~'[v; v,]”, called the equivalent control,
which guarantees s; =0, i =1, 2, for the nominal model, and the
other term —B~'[k;sgn(s;) k,sgn(s,)], incorporated to deal with
parameter uncertainties. With this design, the sliding surfaces will
be reached even in the presence of parameter uncertainties. In fact,
in the presence of parameter uncertainty, one has

S Afy + v _1 | —v1 — ki sgn(sy)
= B+ B)B 4
I:izi| |: Afy+ vzi| TABEE) |:—U2 — k2 Sgn(Sz)] oY

As discussed in Ref. 3, when large enough k; and k, are chosen,
the sliding conditions (51) and (52) can be satisfied. However, be-
cause of the discontinuity across the sliding surfaces, the preceding
control law may result in control chattering. As a practical matter,
chattering is undesirable because it involves very high control action
and may excite high-frequency dynamics neglected in the modeling.
The discontinuity in the control law can be dealt with by defining
two thin boundary layers of widths @, and @, around the sliding sur-
faces, that is, replacing sgn(s;) with continuous saturation functions
sat(s;/®;),i =1, 2, where sat(x) = x if |x| < 1 and sat(x) = sgn(x)
otherwise. Therefore, our sliding controller is modified as follows:

Be| 1| —vilx, 1) — kysat(s/ Py)
|:(Se:| =B |:—v2(x, l) — kz sat(s2/¢2)j| (55)

‘With this scheme, the control law achieves a tradeoff between track-
ing precision and robustness. Analysis demonstrated by simulations
shows that both the sliding surfaces and the attractive conditions in-
fluence how fast the system responds to a step input.*

Also, to guarantee closed-loop stability, it is necessary to identify
the condition where the maximum effect of the combined parameter
uncertainties is encountered. Both analytical and simulation studies
conducted revealed that the closed-loop system is far more sensitive
to variation in the gain matrix AB than it is to Afy and Af). To
calculate AB for the worst case, the gain matrix is written as a
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product of a fixed basis matrix ¥ and an uncertainty parameter
matrix,

B |:(1/a)Y11 (l/b)Y12j| _ |:Y11 le][(l/a) 0 i| (56)

(1/a)Yay  (1/b)Yx Yo Yo 0 (1/b)
where
2x107*m
a=—-" 57)
pScpw?
b 4x 107", m (58)
T p282%,c
Y; =V?cosa x 107 (59)
Yo, = VZsin(a 4+ y) x 107 (60)
aC
Y12:—V4(CT sina + —D> x 10714 61
do
aC aC
Yo =V*1Cr cos(a +y) + —t cosy — —L siny g x 10714
do do
(62)

Constants a and b embody the combinations of all uncertainty pa-
rameters in B. The worst case occurs when Am and A/ take their
maximum negative values, while Ap, AS, Ac,, and Ac take their
maximum positive values. In this study, the nominal values of a and
b are 1.1926 ft - s? and 0.1463 ft*/s, and the true values of @ and b are
1.0805 ft - s? and 0.1166 ft*/s, respectively. Therefore, the parameter
a contains 10.4% uncertainty and the parameter b contains 25.4%
uncertainty. In a hypersonic vehicle, these uncertainties are signifi-
cant. The uncertainties in fy and f}, are nonlinear combinations of
the uncertainty in parameters. When a Taylor series expansion of
these terms around their nominal values is used and the high-order
error terms are neglected, the terms A fy and Af;, can be estimated
from their nominal values.

The simulation results are shown in Figs. 1-4. Figures 1 and 2
show the response of the nominal model, that is, no parameter un-
certainty. In the simulation studies for the nominal model, k; and &,
are both taken as 2, and &, and &, are both chosen as 0.1. Figure 1
shows the vehicle response to a 100-ft/s step-velocity command at
the trimmed condition. It is observed that the velocity converges
to the desired value in a short time, whereas the altitude remains
almost unchanged. Figure 2 shows the vehicle response to a 2000-ft
step-altitude command. Similarly, the altitude converges to its de-
sired value with a short response time. In both cases, the controller
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achieves quick convergence, no overshoot and no steady-state error,
for the nominal model. Figures 3 and 4 show the simulation results
for the same maneuvers albeit in the presence of parameter uncer-
tainty for the worst case discussed earlier. In this case, k; and &,
are taken as 1400 and 100, and ©; and @, are chosen as 0.8 and
0.6, respectively. The results show that robustness and stability have
indeed been achieved. The price paid to achieve robustness in this
case is in the form of large gains k; and k, and control chattering.
However, the control gains cannot be chosen arbitrary large due to
practical considerations such as reaching control surface deflection
limits. Furthermore, control chattering is undesirable in practice be-
cause it involve high control activity and may excite high-frequency
unmodeled dynamics. In simulation, the widths of the boundary lay-
ers have expanded to reduce chattering. To eliminate chattering, the
widths of the boundary layers have to be further expanded, which
will result in large steady-state errors. Therefore, in the presence of
large parameter uncertainty, pure sliding mode controller requires
a tradeoff between steady-state error and control chattering. This
drawback of the sliding mode controller is addressed in the next
section, where an online parameter estimator is combined with the
sliding mode controller to improve performance when parameter
uncertainty is present.

Adaptive Sliding Mode Controller Design

As demonstrated in the preceding section, the sliding mode con-
troller achieves good tracking in the presence of parametric un-
certainty at the expense of high gains and control chattering. The
performance of the sliding mode controller is dependent on the
size of the parametric uncertainties involved. An undesirable char-
acteristic of this controller is the quick erosion of performance to
gain robustness. This shortcoming of the pure sliding controller has
motivated combining the earlier given control law with online pa-
rameter adaptation. In this section, we develop an adaptive sliding
mode controller that combines an online parameter estimator with
the sliding mode controller of the preceding section. The adaptive
laws for updating parameters are generated using the Lyapunov syn-
thesis approach (see Ref. 9). As mentioned before, the dynamics of
the system is more sensitive to the uncertainty parameters in the
gain matrix B. The gain matrix B itself is the product of a fixed
basis matrix Y and a diagonal matrix with two parameters a and b
involving uncertainties. The constant a embodies the combination
of a number of uncertain parameters including S, p, Iy, and m, and
the constant b embodies the combination of uncertain parameters
¢, S, ¢, p, Iy, and m. For a hypersonic vehicle, these parameters
are fixed and strictly positive but difficult to measure exactly at any
given time. To deal with the parametric uncertainty, we combine the
sliding mode controller with an online parameter estimator forming
an adaptive sliding mode controller,

a 0)ry vn]™"
ﬂc — K 11 12 ii ( 63 )
8. 0 bf|[Yu Yo
—vi(x, 1) — ky sat(s; /P
o [t —kisat(s /@) o
—va2(x, 1) — ky sat(s2/ P2)
where @ and b are the online estimates of the uncertain parameters
a and b.
The adaptive laws can be derived using the Lyapunov synthesis
approach. Consider the Lyapunov-like function,

V =1sTss + (1/2ak,)a + (1/2bk)b? (65)

where
a=a—a, b=b—b, sh=[s1a 2l
sia =51 — ®ysat(s; /D), Son =857 — Dosat(s,/ )

where @, and P, are two small positive constants. In this construc-
tion, s can be thought of a measure of the algebraic distances of
the current states to the boundary layers. The adaptation ceases as

the states reach the boundary layers to avoid parameter estimate
drifting.’ Following the treatment in Ref. 9, we have

S
—Afy — kysat| —
fv 1sa<¢1)

a
. Yo Ynll|a 0
V=s! +s% |:Y v ] -
52 21 22 b
—Afh —k2 Sat(az> Z
x [Y“ Y‘z}l i+ b+ b (66)
Yoo Yo ak, bk,

Equation (66) can be further expanded as

. al
V=—(ki —|Afy)Isial — (ke — |AfuDIs2al + ;ZSZ

YuYn —YuYo]. b1 ,[-YoYa YuYu].
x i+ ——sh i

1Y, —YaYn b A —YnYy YulYa
+ L ab+ b

abha

aka bkh

Then, the adaptive laws for estimating uncertain parameters can be

derived as
éz—lzsg YuYn —YuYn i ©7)
A YuYn —YuYp
R k, —YnnY Yny
b:__bsi phr Yuln ). 68)
A —YpYy YiuYxn
where A=Y Y, — Y;,Y»; is the determinant of the ma-

trix Y. The sliding gains are chosen as k; > |Afy|max + 11 and
ky > | Afulmax + I> (where I, and [, are two positive constants) such
that V < —1I|s1a| — l2|s2a |, which guarantees all trajectories con-
verge to the boundary layers.

The sliding gains of k; and k; in this case are taken as 150 and 10,
respectively, which are much reduced compared with those in the
pure sliding mode control. The simulation results using the adaptive
sliding mode controller are shown in Figs. 5-8. When these results
are compared with the results obtained using the pure sliding mode
controller shown in Figs. 3 and 4, a notable improvement in perfor-
mance is observed. It is seen that the level of the control effort in
the adaptive case is significantly smaller. Figures 6 and 8 show that
the parameters converge to their true values. In Fig. 6, the true val-
ues are a = 1.0805 ft - s? and b = 0.1166 ft*/s. Initial nominal values
in the estimation were a(0) = 1.1926 ft - s> and 5(0) = 0.1463 ft*/s.
In Fig. 8, true values are a =1.0805 ft-s?> and b=0.1166 ft*/s.
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Fig. 5 Adaptive sliding mode controller: response to a 100-ft/s step-
velocity command.
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Fig. 6 Parameter estimation in response to a 100-ft/s step-velocity
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Fig. 8 Parameter estimation in response to a 2000-ft step-altitude
command.

Initial nominal values in estimation were a(0) = 1.1926 ft-s? and
b(0) =0.1463 ft/s.

Sliding Mode Observer Design

The sliding mode and the adaptive sliding mode controllers devel-
oped in the preceding sections assume that full states are available
for measurement. In practice, however, only the states that corre-
spond to velocity V, altitude /4, and pitch rate ¢ are expected to be
measured. The state variables corresponding to the angle of attack
« and flight-path angle y may be difficult to measure in an actual
hypersonic flight because they are generally very small. Accurate
measurements are costly and difficult if at all possible to obtain
practically. In this section, a sliding mode observer is designed that
can provide the estimates of the angle of attack and flight-path an-
gle based on the measurements of velocity, altitude, and pitch rate.
When the techniques developed in Ref. 6 are applied, a sliding mode
observer is designed whose structure is given by

h=Vsiny —nih — kysgn(h) (69)
A Myy ~ ~
q= I mq — kysgn(q) (70)
. L4+Tsina (w— V?r)cosy - ~
V= o - V2 —m3h —k,sgn(h) (71)
&=§ — 7 — mG — kesgn(q) (72)
where

L=1pyV25S; x 0.62036

M,y =1 poV2S0Go[ (—0.03542 + 0.0366176 + 5.3261 x 107°)
+ (Co/2V)q(—6.796&% + 0.30154 — 0.2289)
+0.0292(5, — &) ]

h=h—h, dg=4—q
and where 1, 12, 73, and 74 are positive constants selected as 2.0,
1.8, 0.0001, and 0.001, respectively, and kj, k,, k, , and k, are the
sliding gains chosen by the designer.

The sliding surfaces of the observer are defined by sq =0, where
so=T[h G]". The average error dynamics during sliding where sy = 0
and sy =0 are

h=0 (73)
G=0 (74)
V(siny — siny) — kpsgn(h) =0 (75)
L p0V2S0801 —0.035(&% — o?)
210 0 0¢0 .
+ [0.00742 - 0.3015(5—&)4& - 6.796<%>q(&2 - az)}
—kgsgn(q) =0 (76)
. 0.3102p,V2Soa + T (sin@ — sin)
]/ =
mV
(1 — V2r)(cosp —cosy) ~
- Vrzy 2 — kysen(h) )
&=—y — k,sgn(@) (78)
where
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The preceding error dynamics are nonlinear and difficult to ana-
lyze. Further simplification can be made, however, by noting that,
in a hypersonic flight, the velocity V is high and the angle of attack
a and flight-path angle y are typically very small, which justifies
the following approximations:
cosy ~ 1

sinae ~ «, sin@ ~ «, cosy,

&’ ~0, (€o/2V)q =0

An approximation for the local error dynamics can be derived from
the nonlinear error dynamics of Egs. (73-78) as

h=0 (79)

G=0 (80)

. k 0.3102p,V?Sy + T

pm—v<l>?+{( fo? %0 )}& 1)
kh mV

) ky V2S.G 0.31020,V2Sy + T

&~ | —0.00371( T2 | 220 _ V25 +T) a

kq I() mV
k) -
+v(2)y (82)

kh

When the trimmed conditions are substituted, the last two error
equations can be further simplified as

A~ —15060(k, / k;)7 + 0.0440a (83)
& ~ —{0.8425(k, / k,) + 0.044}@ + 15060(k, /k,)7  (84)

The convergence of y and & depend on the ratios of &, /k; and of
ky/ky, respectively. As a rule of thumb, the error dynamics of the
observer on sliding surfaces sq = 0 should be much faster than the
tracking error dynamics, that is,

min{15060(k, / k4), 0.8425(k,/ k,)} > max{A,, As}

In this study, A, =0.3, 1, =0.38, k, / k;, is chosen as 0.001, and
ky/kq is chosen as 15, thus, placing the poles of the reduced-order
error dynamics of Eqgs. (83) and (84) at —15.06 and —12.64. The
simulation results in Figs. 9 and 10 show the convergence behav-
ior of the off-line observer, that is, it is not being used for the
sliding controller. Figure 9 shows that the errors converge to zero
fast when no measurement noise is assumed. In Fig. 10, the er-
rors converge close to zero when a measurement noise with zero
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Fig. 9 Off-line sliding observer without measurement noise, initial
state errors (0) =3.0 deg/s and &(0) =2.0 deg.
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Fig. 10 Off-line sliding observer with Gaussian measurement noise,
initial state errors (0) = 3.0 deg/s and &(0)=2.0 deg.

mean and standard deviation 80 ft and 0.15 deg/s, respectively, is
present. The results demonstrate that the sliding observer has good
performance and exhibits robustness with respect to measurement
noise.

Adaptive Sliding Controller—-Observer Synthesis

In the preceding sections we discussed the behavior of the
adaptive sliding mode controller and of the sliding mode ob-
server separately. In this section we combine the adaptive sliding
mode controller with the observer to synthesize an adaptive slid-
ing mode controller that does not require full state measurement as

follows:
A A S1
— 7, 1) — kysat| —
vi(@,y,1) 1 sai (q)l)
@, 7, 1) — ko sat[ 2
—vy(@, y, 1) — kysat| —
2\, Y 2 @,

Be| a 0]vy vn]'.
I:Sei|_|:0 l;] [YZI Y22j| " (86)

(85)

M
Il

>

R S A S AN T
foKagr 11Y2 n¥io . 87)
A YuYn —YuYn
A k, —YnnY Yny ~
bz__bsg el Yulp . (88)
A —YnYy YiuYxn
h=V siny — nh — kysgn(h) (89)
}\_Myy ~ ~
q=———1mq — kssgn(q) (90)

Iy

L+Tsing (u— V2)cosy
mV Vr?

y= —n3h — k,sgn(h) (91)

&=G — 7 — md — kesgn(@) (92)

where, vi(@, 7, t) and v2(&, 7, t) are the same function as v; (x, 1)
and v,(x,?) in which arguments « and y are replaced by &
and .

The preceding controller is simulated for the same maneuvers
and conditions discussed in the preceding sections. The values of
ki and k, are taken as 150 and 10, respectively, which are same
as in the adaptive sliding control case. The simulation results are
shown in Figs. 11 and 12. It is seen that the adaptive sliding
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Fig. 11 Adaptive sliding mode controller—observer: response to a 100-
ft/s step-velocity command with parameter uncertainties with initial
state errors y(0) =0.25 deg/s and &(0) =1.5 deg.

IS

2000

J 1500
1000

20 40 60

20 40 60
Time, sec

N
ft

)
N

Velocity Change, ft/s
(=]
Altitude Change,
o
8

ES
o
o

N
o
N
(=3
@
=]
o

o
o

10

o

N

Thrust, Ibf
»
Elevator deflection, deg
S
w0

N
N
3]

0 20 40 60
Time, sec

o

Fig. 12 Adaptive sliding mode controller—observer: response to a
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mode controller—observer does provide good tracking, despite the
presence of parametric uncertainty and assumption of incomplete
state measurement.

Conclusions

In this paper, a MIMO adaptive sliding mode controller is de-
signed for the nonlinear longitudinal model of a generic hypersonic
vehicle. The controller is developed in several stages. First, a slid-
ing mode controller is developed using full state feedback. Then,
the sliding mode controller is made adaptive to deal with paramet-
ric uncertainty more efficiently. A nonlinear sliding mode observer
is developed to estimate the states that are not available for mea-
surement as in a typical hypersonic flight. The combination of the
observer with the adaptive sliding mode controller leads to the final
adaptive sliding mode control design that requires only partial state
variables to be available for measurement. Simulations conducted
demonstrate that the combined adaptive sliding controller—observer
has good tracking performance and robustness in the in the pres-
ence of parametric uncertainty and the assumption of partial state
measurements for the one point in the flight envelop considered in
this study.

Appendix

The detailed expressions of the vectors w; and 7r; and matrices
2, and I, are a simplified version of those in Ref. 2:

[ (oT oD |
— Jcosa — —
av oV
—mLcosy
I"2
T —Tsina — 0D
DT T w
oT
— ] cosa
ap
2m sin y
3
=
[[OL/dV + (dT/0V)sina L+ Tsina pcosy cosy]
mV mv? V2r2 r
pusiny  Vsiny
Vr? r
oL/da + T cosa
mV
(0T /9B) sin
mV
2ucosy  Vecosy
L s r? _
Qy=[wy wn w3 wu wx]
where
[ [ d*T 2D ]
— Jcosa —
av? av?
0
aT \ . 3’D
=|—(=—|]sine —
@21 9 IV o
92T
cosa
avaps
0
— 0 _
my sin y
2
Wy = 0
0
2m L cos y
3
[ [aT . D \ |
—| — ] sina —
oV aVoa
0
3’D
Wy = —T cosa — S
aT \ .
—| — |} sinx
ap
0




838

XU, MIRMIRANI, AND IOANNOU

[/ s21 ] _ _ Vol. 21, No. 1, 1998, pp. 58-62.
cos o 0 2Wang, Q., and Stengel, R. F., “Robust Nonlinear Control of a Hypersonic
avVop 2m cos y Aircraft,” Journal of Guidance, Control, and Dynamics, Vol. 23, No. 4, 2000,
0 -3 pp. 577-585.
r 3Slotine, J.-J. E., and Li, W., Applied Nonlinear Control, Prentice Hall,
W4 = oT \ . ) w5 = 0 Englewood Cliff, NJ, 1991, Chap. 7.
- % Sina 0 4Fernandez, R. B., and Hedrick, J. K., “Control of Multivariable
. Non-Linear Systems by the Sliding Mode Method,” International Journal
0 —6musiny of Control, Vol. 46, No. 3, 1987, pp. 1019-1040.
0 L r4 i 5Slotine, J.-J. E., and Coetsee, J. A., “Adaptive Controller Synthesis for
L . Nonlinear Systems,” International Journal of Control, Vol. 43, No. 6, 1986,
pp. 1631-1651.
y=[my 7 73 M Tos] %Slotine, J.-J. E., Hedrick, J. K., and Misawa, E. A., “On Sliding Observers
for Nonlinear Systems,” ASME Journal of Dynamics Systems, Measurement
where and Control, Vol. 109, Sept. 1987, pp. 245-252.
92L/3V? 4+ (0°T/0V*) sina  2[0L/dV + (dT/3V)sina] n 2(L+ Tsina) 2ucosy
mvV mV? mv3 V3r?
psiny  siny
V2r? r
o (3°L/0adV) + (8T /3V)cosaw  IL/da + T cosa
21 = -
mV mV?
(3°T/3BdV)sina (9T /3B) sina
mV mV?
2ucosy  cosy
Ty 2
[ siny  siny | [ (32L/3Vda) + (3T /dV)cose  dL/da + T cosa |
V2r? r mV mV?
pcosy  Vecosy 0
o — Vr? r S 02L/0a® — Tsina
2= 0 ) 23 = v
0 (0T /9pB) cos
2u siny +Vsiny mV
V3 r? 0
- - 2ucosy cosy |
(32T /0VaB)sina  (dT/3pB)sina Ty 2
my my? 2usiny+ Vsiny
0 Vi3 2
T4 = (0T /0p) cos o ) Tys = 0
0 6ucosy  2Vcosy
L 0 i oy + r3
Acknowledgments THedrick, J. K., and Yao, W. H., “Adaptive Sliding Control of a Magnetic

This work was supported in part by the Air Force Office
of Scientific Research under Grant F49620-01-1-0489 and in
part by NASA Dryden Flight Research Center under Grant
NAGA-175.

References

"Marrison, C. 1., and Stengel, R. F., “Design of Robust Control System
for a Hypersonic Aircraft,” Journal of Guidance, Control, and Dynamics,

Suspension System,” Variable Structure Control For Robotics and Aerospace
Applications, edited by K.-K. D. Young, Elsevier Science, New York, 1993,
pp. 141-155.

8Zak, S. H., Walcott, B. L., and Hui, S., “Variable Structure Control
and Observation of Nonlinear/Uncertain Systems,” Variable Structure Con-
trol For Robotics and Aerospace Applications, edited by K.-K. D. Young,
Elsevier Science, New York, 1993, pp. 59-88.

9oannou, P. A., and Sun, J., Robust Adaptive Control, Prentice Hall,
Upper Saddle River, NJ, 1996.



