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Aircraft Terrain Following Based on a Nonlinear Continuous
Predictive Control Approach

Ping Lu* and Bion L. Pierson’
Iowa State University, Ames, lowa 50011-3231

This paper discusses aircraft terrain-following flight control law development based on a new nonlinear optimal
predictive control method. The control law minimizes the predicted difference between the actual trajectory and
a smooth open-loop reference trajectory that satisfies the aircraft dynamic model. A fixed-point algorithm is used
to compute sequentially the tracking control commands from the implicit control law. Globally asymptotically
stable tracking of the reference trajectory is proved in the absence of control saturation, and the influences of
the controller parameters on the tracking dynamics are identified. Numerical simulations are presented for a
supersonic fighter aircraft model over a standard test terrain. These simulations include the effects of initial
condition errors, aerodynamic modeling inaccuracies, and vertical wind disturbances.
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I. Introduction

WO of the major tasks involved in an aircraft terrain-following

(TF) problem are trajectory planning and trajectory tracking.
In trajectory planning, a reference trajectory is generated offline
that follows a given terrain closely and satisfies all of the mission
requirements and the aircraft performance constraints.! It is then
the task of the flight control system to ensure that the aircraft tracks
the reference trajectory, even in the presence of off-nominal pertur-
bations and external disturbances. In Refs. 2—4, predictive control
techniques are used for this purpose where the aircraft is represented
by a linear, discrete-time model. A linear robust control approach
called U-parameter design is employed in Ref. 5 where again a
linearized, time-invariant model of the aircraft is required. When
the flight conditions during terrain following vary significantly, the
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time-invariance assumption is no longer valid and some type of gain
scheduling is necessary.

Alternatively, nonlinear control approaches have also been pro-
posed for the TF problem. Lee et al.® apply a nonlinear control tech-
nique called optimal decision strategy’ to the TF control problem.
A quadratic programming problem needs to be solved at each in-
stant when the control commands are calculated. This can present a
problem for onboard real-time implementation. Rehbock et al.? take
the same approach but discretize the problem into a sequence of lin-
ear programming problems. The control commands are obtained as
a sequence of data points indexed by time; thus, the controls are
open loop in nature. Barnard® points out some disadvantages of the
latter two schemes and proposes an approach based on an optimal
aim strategy concept. However, all three of these methods require the
controls to appear linearly in the (nonlinear) system equations. Since
the point-mass model of an aircraft does not naturally meet this re-
quirement, a transformation must be applied to redefine the controls
to fit the required form.® This causes some unintended degradation
of control effectiveness by these schemes when the controls saturate.
This aspect will be discussed further at the end of Sec. HI.

This paper constitutes the second part of our work on the aircraft
terrain-following problem. The first part of the work on optimal
trajectory analysis and generation is reported in Ref. 1. This paper
addresses the issue of tracking control law development for the air-
craft to follow a predesigned TF trajectory. It is assumed that mission
requirements demand very accurate tracking of the reference TF tra-
jectory. Continued improvements in terrain modeling and precision
navigation are expected to lead to significant reduction in terrain
clearance altitude of the reference trajectory.'’ In such a case, the
tracking accuracy of the flight control system will be the limiting
factor in performance. It is this anticipated stringent performance
requirement that justifies the study presented here.

We first introduce a general continuous nonlinear predictive con-
trol method in Sec. II. A feedback control law is obtained as a result
of a pointwise minimization of the difference between the predicted
system response and the desired response. The approach is then
applied to the TF control problem in Sec. III. Globally asymptotic
tracking of the reference trajectory under the predictive controller is
analytically studied to validate the use of the technique. An efficient
fixed-point algorithm is utilized for onboard computation of the con-
trol commands. The effectiveness and robustness of the controller
are tested in simulations under a variety of trajectory dispersions
and disturbances for a supersonic fighter aircraft model in Sec. V.
Finally, the main conclusions are summarized in Sec. V.

II. Nonlinear Continuous Predictive Control Laws
Consider a nonlinear dynamic system of the general form

x = fi(x) 1)
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Xy =fo(x) + g2(x, uw) 2

where the state vectorisx = (xTx1)T € R" withx, € R",x; € R™,
and n, + n, = n. The control vector is u(t) € U = {u(t)
R™| L; < u;(t) < U,;} with the bounds L; and U; specified. The
functions fi: R* — R™,f5: R" — R™ and g,: R" x R — R™
are continuously differentiable nonlinear functions. Suppose that
the desired response of the system is described by a reference history
x*(¢r) of the state x(¢). More specifically, we assume the following.

Assumption: A desired trajectory x*(t) € R", ¢ € [0, /], and
the corresponding control #*(¢) € U are known, and x*(¢) and r*(¢)
satisfy the system Egs. (1) and (2).

This assumption assures that the desired response is within the
performance capabilities of the system, which is certainly the case
for terrain-following control problems when the reference trajec-
tory is generated based on the dynamic model of the aircraft. To
design a feedback control law for u(¢) so that the system response
x(t) tracks x*(¢) for some arbitrary initial conditions, a continuous
predictive control concept is developed in Refs. 11-13. For com-
pleteness, a brief outline of the approach is given here. Suppose that
at an arbitrary ¢t € [0, £7], ¥1(¢) and X,(¢) depend on the control
u(t) explicitly. More general situations can be treated similarly,!!
but this suffices for the TF problem. Then, the choice of u(#) will
influence the response of the system at the next instant. In particu-
lar, for a small time increment § > 0, by expanding x; (¢ + &) ina
second-order Taylor series expansion and x,(t -+ 8) in a first-order
expansion

x1(t 4 8) ~ x1() + Sflx(D] + 0%/ Fulx O] filx ()]
+ Fulx(O1f2[x®)] + Frolx®)]g[x (), u(®)]} 3

x2(t + 8) = x3(t) + 8{fo[x(1)] + ga[x (1), u (O]} )

we can see the effect of u(¢) on x;(t + &) and x,(¢t + §) more
clearly. In Eq. (3), Fulx) = dfilx(®)]/dx, and F2(x) =
df1[x(¢)]1/3x, where the derivative of each component of f; with
respect to x is defined as a row vector. Also, partition x*(¢) ac-
cordingly into [x3T ()x37 ()17 and similarly expand x%(¢ + 8) and
x5 (¢ 4 8) to obtain

x{(t 4+ 8) ~ xj() + 8%] (1) + (8% /)% )
x5t 4 8) ~ x3(t) + 6%3 (6)

The tracking error at ¢ 4+ § can then be approximated by
et +8) =x,(t +8) —xi(t +8) ~ ey (t) + S, (t) + 0.58°

X [Fr@)fi(x) + Fu)f,(x) + Fo)g 0 w) — %11 (7)
et +8) =x2(t +8) —x3(t +9)

~ e(t) +8(fa(0) +g2(x, u) — x3) ®

where the dependence of x(¢), x*(¢), and u(¢) on ¢ has been sup-
pressed for simplicity. Assume that x(¢) is known. The control u(¢)
is chosen to minimize the performance index

min J = ﬂilr} 1€l (t +8)Qiei(t + 8) + 1] (t + 8)Qaes(t + )

uecl

+ 3@ —r O Ru@) —r @) ®

where @ and 9, are positive semidefinite matrices with appropriate
dimensions. R € R™ "™ is positive definite when g, (x, u) is nonlinear
inu and can be set to zero when g, (x, u) is linear in #, namely, when
Eq. (2) is

X2 =f2(x) + By(0)u (10)

In this case, a closed-form solution for the control u(¢) can
be obtained by setting dJ/0u(t) = 0 in the absence of control
saturations!!!%:

u(t) = =P {(1/28%)(F12B)" Q1 [ ey + 8¢1 + (82/2) (Fuu fy

+Fufy — )]+ (1/8)B] Qules + 5(f, — £3)1} (11)

where
P =[0.25(F,B2)" Q1F B, + (1/8*)B] @B, (12)

and where all the quantities are evaluated at time ¢.
When the system is nonlinear in %, setting 3.J/du(t) = 0 with a
positive definite R yields

dg: 0, 1)\
u(t) = r*(t) — hR™! { 0.5k (Flz(x)(—ig—%u’—u>

x Q1[er + héy + 0.5B*(F1i(x)fi (x) + Fra(x)fa(x)

dga(x, u) )T

+Fn(@g: (e, w) — )] + ( -

x Qa[ex(t) + h(fox) + g20x, w) — 33) ] } = p(u) 13)

where p(-) is used to represent the nonlinear mapping on u de-
fined by the right-hand side of Eq. (13). A continuous implicit
feedback control law is defined by Eq. (13). To account for the
possible control saturations, we define the vector saturation func-
tion s(y) = [s1(¥) - - - s (¥)]” foranyy € R™ as

Ui, yi = Ui
s =1 y, L <y <U (14)
L;, i < L;

for 1 <i < m. Then apply this saturation function to the right-hand
side of Eq. (13) toensure u € U

u = s[p()] (1s)

In this case no closed-form solutions for u(¢) from Eq. (15) exist
in general. Nonetheless, the following result is obtained in Ref. 13
regarding the existence and uniqueness of the solution of Eq. (15)
and how to find it.

Theorem 1: Atanyt € [0, t], for any given bounded values of
x(@),x* (), r*(),0 > 0,0, > 0,and R > 0, there always exists a
sufficiently small 8, > O such that for all 0 < § < §, the following
holds true.

1) The implicit equation (15) has a unique solution u* € U.
When u* is in the interior of U, it is the unique optimal solution of
the problem (9).

2) Furthermore, define a ball B, = {u € R™| flu — r*|| < &}
for some & > 0. Then, the fixed-point iteration sequence {u*} gen-
erated by

u* = s[p@*Ny, k=1,2,..., vu® € B, (16)
converges to u*.

The fixed-point iteration algorithm (16) is the key that makes the
control law (15) potentially useful for online applications because
fixed-point iteration is particularly well suited for digital comput-
ers and the iteration (16) converges usually in just a few cycles.
Discussion on general properties of the control laws (11) and (15)
can be found in Refs. 11-13. For the application in this paper, we
only state two such properties here. First, it can be shown that if
at any f € [0, ;] the tracking error e(ty) = x(t) — x*(%) = 0,
then e(t) = 0 for all ¢ € [fy, £;] under control law (11) or (15).
In other words, perfect tracking will be maintained once achieved,
provided there are no further perturbations and disturbances. Sec-
ond, the parameter § should not be regarded as the integration step
size. In fact, it can be tuned independently as a controller parameter
for better performance. It has been found that a good value of & in
control law (15) should be typically an order of magnitude greater
than the integration step size used in the simulation, as long as it is
still sufficiently small for the fixed-point iteration (16) to converge.
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III.  Aircraft Terrain-Following Flight Control
Equations of Motion and Reference Trajectory
In a TF problem, it is natural to use the down range distance as
the independent variable. Following the formulation in Ref. 1, we
have the aircraft point-mass equations of motion in a vertical plane
over a flat Earth

-(ﬁ = tany (17)
dv

—=(A — Ap —si 18
% (Ar cosa p Sm)/)Vcosy (18

dy 1
- _ 19
ix = (Arsina + AL cosy)Vzcosy (19)

where all of the variables are dimensionless and defined by

h=gy/vi, X = gx/vl, V = v/, 20)
Ar =T/mg, Ap = D/mg, Ap=L/mg (21)

The thrust 7 is modeled by
T = Thax(M, )1 (22)

In general, the maximum thrust Ty« is a function of Mach num-
ber M and altitude y. L and D are the aerodynamic lift and drag,
respectively,
L=¢qSC,, D =4S5Cp (23)

and g = pv?/2 is the dynamic pressure with atmospheric density 5
which is assumed to be an exponential function of the altitude y with
the scale height equal to 23,800 ft. The lift and drag coefficients,
C; and Cp, are functions of the angle of attack & and Mach number
M. The throttle setting n and angle of attack « are taken as the
controls.

Suppose that the terrain elevation plus a set clearance at the dis-
tance X is given by a smooth function F(X). The initial conditions
and terminal constraints on the aircraft trajectory are specified as

h(0) = ho, V) =W, rO =wn (24)

Yh(Xs), V(Xp), v (X1 =0 25)

Equations (25) represent a system of r < 3 algebraic equations

that specify the terminal state constraints. The constraints on the
controls are
0 < fmin <7 < max 1.0 and  opin S & <ot (26)

The reference terrain-following trajectory is obtained as a solution
of the optimal control problem in which the performance index

Xr
sz {¢( ! )+(1—¢)[h—F(X)]2}dX
0 V cos y

0<¢p<10 7

is minimized, where the integral of the first term in Eq. (27) is the
time of flight. Therefore, along the optimal trajectory, the aircraft
will follow the terrain closely and fly fast.! In Ref. 1, it has been
shown that for a rather general class of aircraft models the optimal
solution always calls for bang-bang throttle control, and by using
an inverse dynamics approach we can obtain the optimal solution
very reliably and efficiently.

Validation of Flight Control Approach

The nonlinear continuous predictive control approach introduced
in Sec. IT will now be used for terrain-following flight control. To
validate the approach, we shall show that the minimization of the
local predicted tracking errors [Eq. (9)] will indeed lead to globally
asymptotic tracking of the reference TF trajectory. For the purpose

of proof of the concept, we find it more convenient to use control
faw (11). In this regard, we redefine the controls as

/51 =ATCOSOl—AD (28)
Uy = AT sina + AL (29)

The effectiveness of the proposed control approach is summarized
in the following Theorem.

Theorem 2: Let an arbitrary reference TF trajectory be denoted
by [A*(X) V*(X) y*(X)] which satisfies the Assumption in Sec. II.
Let Q1 = Oy, @2 = diag{Qv, @, } and R = 0 in the performance
index J defined in Eq. (9). Then, for any § > 0, O, > 0, Oy > 0,
and 0, > 0, the controls u; and u, obtained by minimizing J
guarantee globally asymptotically stable tracking of the reference
trajectory in the absence of control saturations.

Proof: To conform to the notation in Sec. II, we denote x; = &
andx, = (V tany)7, where we use tan y instead of y itself because
this simplifies the proof significantly. (Since |y| < 90 deg, proving
tany — tany* is equivalent to showing y — y*.) With u and u,
defined in Eqs. (28) and (29), the state equations (17-19) become

X = tan y 30)
t 1
d_V— any +[V\/1+tan2y]u1 @31

ax~— v

In the absence of control saturations, minimization of J in Eq. (9)
with respect to u; and u; leads to the control law (11). Applying
Eq. (11) to system (30-32) gives

1 . 1
u1=Vcosy(Vtany+V*—3AV) (33)
V2
uy = — w_ Qh (Ah+8Ah)
0250,0% + 0,
1+t
_0.25Qh5<_i_ﬂ + i )
V2
a, 1+ tan®y p*
ZY At -3 34
+ 82 I:A any ( V2 + cos? y* S

where the dot indicates differentiation with respect to X, and A
in front of a quantity means the difference between the actual and
reference values of that quantity. Substituting (33) and (34) back
into Egs. (31) and (32), respectively, we have the error equations

AV = —(1/8)AV (35)
d(Atany) _ )
dx  0250,82+0Q,
{&(Ah+8Ah) + & Atany} (36)

where in arriving at Eq. (36), the relationship A* = d(tany*)/dX
has been used since the reference A* and y* satisfy the state equa-
tion (30) by the Assumption. It is clear now from Eq. (35) that the
velocity error AV — 0O for any § > 0. Since Atany = Ah and
d(Atany)/dX = Ah, Eq. (36) is the same as

(0.2582Q + Q) Ak +10.58Q) + (Q, /81AR + 0.5Q4 Ak =( 307)

Obviously, for any 0, > 0, @, > 0, and § > 0, the preceding
second-order system is stable; therefore, Ak — 0, and thus
Atany — 0 for any initial conditions. Hence, globally asymp-
totically stable tracking of the reference trajectory is achieved. As
for the corresponding physical controls # and «, they can always be
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solved numerically from Eqgs. (28) and (29) for #; and u, given in
Egs. (33) and (34) since by assumption no saturation occurs.

The proof also offers some interesting interpretations of the roles
of the controller parameters §, Oy, and Q,,. From Eq. (35), é turns out
to be simply the time constant of the closed-loop velocity dynamics.
The choice of Qy > 0isimmaterial because it does not appear in the
control law. For given 8, values @y, and Q, determine the damping
and natural frequency of the altitude dynamics. For instance, in
the terrain-following problem, overshoots in Ak (ie., Ah < 0)
should be avoided whenever possible because the terrain is rather
unforgiving. Thus, the damping ratio of the altitude dynamics is
best set at unity (critical damping) to eliminate overshoot and still
provide fast response. By Eq. (37), this requires

2(v2—-1

Q9 _2v2-1 (38)
0y 8

This relationship will later serve as a guide for choosing the values

of 0, and Q,.

Although control law (11) is used successfully to demonstrate the
validity of the control approach, it is inconvenient to apply to the
aircraft TF control problem for two reasons: 1) Once the fictitious
controls u#; and u, are computed from Egs. (33) and (34), the physical
controls « and 7 still need to be solved for iteratively from Eqgs. (28)
and (29) because Ay, and A depend on «. 2) The control constraints
on« and n are not easy to enforce in terms of simple constraints on i
and u,. Therefore in the actual implementation, the implicit control
laws (15) for @ and 5, which handle control constraints effortlessly
and are suited for the fixed-point iteration algorithm (16), appear to
be a better alternative and are, thus, used in the next section.

It should be pointed out that in Ref. 6 the aircraft thrust is assumed
to be aligned with the velocity vector, and a similar transformation
is applied so that the system equations are linear in the two controls,
C, and t*, where t* is a combination of thrust and drag forces.
This results in the bounds of 7* depending on the first control C;.
On the basis of this formulation, Refs. 6 and 9 solve a quadratic
programming problem with respect to the controls at each instant,
and Ref. 8 solves a linear programming problem. When t* saturates,
however, the problem formulations are neither linear nor quadratic
programming problems,!* because of the dependence of the bounds
of one control on the other control. This complication appears to be
unavoidable when transforming a constrained physical system that
is nonlinear in the controls into one which is linear in the controls.

IV. Numerical Simulations

A supersonic fighter aircraft model given in Ref. 15 (airplane 2)
is used for the numerical experiments. The lift and drag coefficients
of the aircraft have the functional forms

CL = CLaOl (39)
Cp = Cpo + Cro0? (40)

where Cr,, and Cp are originally given in tabulated data as functions
of Mach number M and are fitted by least-square polynomials for
0 < M < 2.41n this study:

Cro = 2.2371 + 0.34008M — 0.2615M% + 0.01085M°>  (41)

Cpo = 0.0065 — 0.0022187M — 0.01649M? + 0.043848M>

—0.028402M* + 0.005493M° (42)

The bounds on the two controls &, in degrees, and 7 are set at

Omax = 20, Omin = —10 43)

Nmax = 1.0, Nmin = 0.0 (44)
The maximum thrust Ty, of the aircraft is given in tabular form
as a function of altitude and Mach number.!® Linear interpolations
are used here for table look-up evaluations of Tpy,x. The weight of
the aircraft is set at 34,000 1b and is considered constant. A reference
TF trajectory is taken to be an optimal trajectory obtained by using

the inverse dynamics approach in Ref. 1. The boundary conditions
of the reference trajectory in terms of the dimensional variables are
y©® =0,

y(0) = 200, v(0) =557.5(M =0.5) (45)

y(xp) =640, y(xs) =0, v(xp)=11149(M =1.0) (46)
where y is given in feet, y in degrees, and v in feet per second and
x5 = 65,000 ft. The terrain function F(X) is the same one used in
Ref. 1. The performance index for the reference trajectory is given
in Eq. (27) with ¢ = 0.5. In generating the reference trajectory, we
limit the throttle setting by 0.3 < n < 0.7. This is done because
the optimal throttle setting is of bang-bang type,! and such limits
prevent the aircraft from always operating at full throttle or idling
the engine along the nominal TF trajectory. Also it gives the trajec-
tory tracking some leeway in control authority when needed. The
optimal trajectory takes 70.7 s of flight for the preceding boundary
conditions, and the terrain is followed perfectly.

Let Oy = O, @ = diag{Qv. 0,}, R = diag{R,, R;}. The
tracking control laws for n and « by following Eqs. (13) and (15) are

8
n= 51(77* - R_{PATmax sino
1

Arcosa — A tan .
+GuQy| AV + 5 Z£ AL v
Vcosa v

Arsina+ Ap 1 x
+GZIQ"[A}/+8(W —vi~ ):”) 47

S
o= s2<oz* — -IE_{P(AT cos o +qSCLa)

2

Arcosa — Ap tany -
+ GOy} AV +6 - -V
V cosa |4

Agrsina + Ay 1 .
G Ay +of 2L 2T 7L 48
+ ZZQ}/[ Y+ ( Vicosy v Y )]}) 48)

where s; and s, are the saturation functions defined in Eq. (14) and

0.5 0 . 2 1
= ———| Ah+5AR+ 056" — ———
VZcosdy [ + + V2cos?y
AT sino + AL .-
—_— k" 49
+ V2cosdy )] “9)
A coso 1
Gy=——— = ———(Arsi 29SC
! Veosy ’ ? Vcosy( rsina +245C;, @)
(50)
Az sina 1
Gy =—=2 , =—yIA SC
21 V2cosy 2=y cosy( TCOsSQ +¢q Lu)
(61
The values of the controller parameters are chosen to be
8 = 0.005, Ov=0,=10, Q5 = 30000
R, =0.001, Ry =02 (52)

where the value of § corresponds to about 193 ft in dimensional
distance. For Q,, = 1 and é§ = 0.005, Eq. (38) gives O, = 33137,
which indicates the order of magnitude that @, should have. Some
minor adjustments may need to be made through simulations be-
cause the control laws (47) and (48) are not exactly the same as
Egs. (33) and (34). In particular, R = 0in Egs. (33) and (34) whereas
R > 0 is required in Egs. (47) and (48). The guidelines are that a
larger Q,, gives a tighter altitude control but may cause overshoot,
and a larger @, increases the damping of the altitude dynamics.
The path-tracking performance of the controller is not influenced
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to any significant extent by the choice of Qy (recall the discussion
after Theorem 2 in Sec. ITI). The value of @, = 33137 is found
to produce a slight overshoot in Ak. The simulation is performed
with a standard fourth-order Runge-Kutta routine with an integra-
tion step size of 0.0001 (dimensionless). The controls 7 and « are
solved from Egs. (47) and (48) by fixed-point iterations every time
when the right-hand sides of the equations of motion are evaluated
in the simulation.

The first test is on the performance of the control approach in
the presence of initial trajectory dispersions. Note that the reference
trajectory will be tracked perfectly if there are no trajectory disper-
sions and disturbances under the current control laws. Two sets of
off-nominal initial conditions are created with y in feet, v in feet per
second, and y in degrees.

Case 1:
Ay(0) = 600, Av(0) = 557.5, Ay©0) =10 (53)

Case 2:
Ay(0) = 1400, Av(0) =0, Ay 0)=0 (54

Figure 1 shows the altitude histories. Itis seen that in spite of the large
initial dispersions, the trajectories quickly converge onto the refer-
ence path gracefully. The tracking errors at x, = 65,000 ft are, for
case 1 and case 2 (retaining the preceding units), respectively,

Ay =0.07,

Avy =48, Ay; = 0.0003

Ay = 0.03, Avyp =42, Ay = —0.0002
Figures 2 and 3 give the corresponding control histories of o and
n. Note that both controls are saturated at the beginning where the
initial errors are large. If the saturations are not desired, increasing
the values of R; and R, in the control laws (47) and (48) can reduce
or eliminate them effectively. The consequence, of course, is that the
convergence to the reference trajectory will be slower. The number
of fixed-point iterations at each step is mostly one for an accuracy
of 10™* for both controls, except for a few initial points where the
number of iterations ranges from 3 to 4.

It should be pointed out that although the control laws (47) and
(48) are derived based on a point-mass model of the aircraft, the

reference
1.60 4 e case 1
\ ————case 2
y (kft) \
1
0.80 r\,
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0.00 . 0. &0,
x (kft)
Fig. 1 Altitude tracking histories.
15.0
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K ————case 2
50 {1}
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7 P
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\
\
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\

\

0.80

0.00
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Fig. 4 Altitude tracking history in the presence of aerodynamic mod-
eling inaccuracies.

methodology is equally applicable when rotational dynamics and
engine dynamics are included. Although the computation require-
ments appear to be relatively minor as already indicated, since this
first effort is aimed at using a continuous predictive control method
for TF control law development, we have not addressed the impor-
tant issues of flight control system implementation. Specifically, the
integration of stability augmentation and command-tracking sys-
tems and the requirements on sensor and state estimation systems
remain to be investigated.

Since the controls are obtained by continuously minimizing the
predicted tracking errors, the controller is expected to have reason-
able robustness, provided accurate state feedback is available. To
test the robustness of the controller, we consider aerodynamic mod-
eling inaccuracies and external disturbances. For instance, we set

the aerodynamic coefficients in the simulation of the aircraft motion
to be

Cp, =079C7 , Cpy = 2C}, (55)
where the values with asterisk are the nominal ones given by
Eqgs. (41) and (42). In the computation of # and «, only the nominal
values of C;, and Cpy are assumed, but accurate current values of &,
V, and y are used. To compensate the reduction in C; which affects
the flight path the most at low speeds, the value of 0, is increased
to 2.0 so that no significant overshoot in Ay will occur. The altitude
history for the initial conditions (54) is plotted in Fig. 4. If 0, is
still set at unity, most of the trajectory is about the same, except
that the peak overshoot in Ay is larger (not shown in the figure).
When the aircraft flies at high speeds [for example, taking initial
conditions (53)], then the trajectory is almost indiscernible from the
one without aerodynamic modeling inaccuracies. The reaction of
the controller to the inaccuracies can be clearly seen in Figs. 5 and 6
in which higher angle of attack and throttle setting are recorded to
account for lower C;, and higher Cp. Also plotted in Fig. 5 is the
variation of the pitch angle of the aircraft, 8 = & + y, which first
shows a quick dive to catch the terrain from the initial altitude and
then adjusts to track the terrain.

One possible external disturbance is wind. The presence of a
wind alters the equations of motion of the aircraft. Let us con-
sider a vertical wind the (dimensionless) speed of which at the
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Fig.5 Angle-of-attack and pitch angle histories in the presence of aero-
dynamic modeling inaccuracies.

Fig. 8 Angle-of-attack histories in the presence of vertical wind.
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Fig. 6 Throttle setting history in the presence of aerodynamic model-
ing inaccuracies.
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Fig.7 Altitude tracking histories in the presence of vertical wind.

distance X is represented by W (X). The equations of motion now
become!®

Fig. 9 Throttle setting histories in the presence of vertical wind.

600 ft. In the presence of such a fairly strong wind, the reference
TF trajectory is still tracked closely for the most part. The control
histories are given in Figs. 8 and 9. The influence of the sinusoidal
wind is more profound on the throttle setting. Further adjusting the
controller parameters does not seem to improve the performance no-
ticeably. If some information about the wind is available and incor-
porated into the controller, the overshoot/undershoot phenomenon
in the initial portion of the trajectory seen in Fig. 7 can be further
reduced.

From the simulations, the controller appears to work remarkably
well in the nominal situation. We also wish to point out that because
of the very stringent requirement of avoiding a crash with the ter-
rain while trying to follow it closely, the terrain-tracking problem
is much more challenging than other trajectory tracking problems
in the face of disturbances and uncertainties. In the preceding sim-
ulations, if the parameter adjustments are not done, the controller is
sufficiently robust so that the trajectory will still eventually follow
the reference trajectory very closely. This may be satisfactory for
other applications, but not the terrain-following problem, since the

% =tany + ——— (56) transient response has large overshoots in Ay. Although this study
dX Vcosy shows that appropriate tuning of the controller can produce accu-
qv | rate robust terrain tracking, methods for automated self-tuning of
— = (Arcosa — Ap —siny)—— — Wxsiny (57) the controller based on available information are still open to future
dax Vcosy research.
d 1 Wx cos .
é = (Arsina + A, —cosy) Vicosy X v 4 (58 V. Conclusions

where Wy = 3W/3X. Instead of relying on knowledge of the wind
distribution which s difficult to get, we simply treat the terms depen-
dent on W as uncertainties. As a test, a vertical wind speed profile
is specified as

W = W, sin[(2x/3500)7 ] 59)
where Wy, = 60 ft/s and x is in feet. The controller is given no
information about the wind. For a tighter trajectory control, Q, is
increased to 500,000 and Q, is kept at 2.0. The value of § is set
at 0.0025. [In the presence of system uncertainties, Eq. (38) is less
accurate a guide for selecting the parameters. But the guidelines
mentioned earlier are still applicable.] Figure 7 shows two altitude
histories, one with no initial errors and the other with Ay(0) =

This paper considers the flight control law development for an
aircraft to track a terrain-following reference trajectory which is
designed offline. A nonlinear continuous predictive control ap-
proach is introduced for the feedback control law synthesis. This
approach handles control constraints conveniently, and the control
commands are obtained reliably by a fixed-point iteration algorithm.
The amount of computation required is minimal. The validity of this
control approach for the terrain-following control problem is estab-
lished by showing analytically that globally asymptotically stable
tracking of a terrain-following reference trajectory can be achieved,
provided no control saturations are encountered. Guidelines for tun-
ing the controller parameters to ensure good terrain tracking are
obtained. Numerical simulation results show that under a variety
of off-nominal perturbations and a strong vertical wind, the pro-
posed controller proves to be quite effective and robust, even in the
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presence of control saturation. The issue of integration of this TF
tracking controller with stability augmentation system, however, is
left for further investigation.
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