VOL. 8, NO. 8, AUGUST 1971

J. AIRCRAFT

637

Automatic Guidance Concept for VITOL Aircraft
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Massachusetts Institute of Technology, Cambridge, M ass.

A simplified mathematical model of a VTOL aircraft is developed that treats ground range-
to-go as the independent variable, altitude and crossrange as state variables, and the three
commanded velocity eomponents as control variables.

By considering perturbations about

a nominal path and minimizing a performance index which is a quadratic function of the
state and control variable deviations, a simple linear guidance law is obtained. To implement
the guidance scheme, the feedback gains would be precalculated and stored, along with the
nominal state and control variable histories, as functions of range-to-go in the onboard com-

puter.

During flight, the actual state variables would be measured and their deviations from
nominal used to calculate optimal corrections to the stored nominal eontrol variables.

Simu-

lation results with the tandem-rotor CH-46C helicopter demonstrate the guidance scheme’s
ability to accommodate a variety of off-nominal conditions.

/ Nomenclature
A = penalty matrix on enroute state variable devi-
ations; defined in Eq. (15)
B = penalty matrix on enroute control deviations;
defined in Eq. (16)
C = matrix of guidance feedback gains; defined in
Eq. (18)
Cvpy ... = feedback gainsfor V. due to errors in y, ete.; 1/sec
F = homogeneous response matrix of linearized, simpli-
fied model; defined in Eq. (11)
Fi,Fn,F. = aerodynamic rolling, pitching and yawing mo-
ments; N — m

F.,F,F. = aerodynamic axial, lateral and normal forces; N

G = forced response matrix of linearized, simplified
model; defined in Eq. (12)

J = performance index for quadratic synthesis; de-
fined in Eq. (13)

K, = flight control system gains; see Fig. 5

Ly = oF;/d( ) = ftrim rolling moment stability de-
rivatives

M, = OF,/d( ) = trim pitching moment stability
derivatives

Ny = JF,/0( ) = trim yawing moment stability de-
rivatives

R = ground range to touchdown; defined in Fq. (4);
m

S = Riccati matrix; defined by Eqs. (19) and (20)

14 = (V.2 4+ V,2 4+ V.2)Y2 = magnitude of inertial
velocity; see Fig. 2; m/sec

Va, Vv = horizontal and vertical components of relative ve-
locity; defined in Eqgs. (33) and (34); m/sec

V., Vy, V. = inertial components of aircraft velocity; see Fig.
2; m/sec

XH = QF,/0( ) = axial force stability derivatives
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Yo = OF,/0( ) = lateral force stability derivatives

Zy = 0F,/d( ) = normal force stability derivatives

g = acceleration of gravity; 9.80 m/sec?

h = —z = altitude above touchdown; m

m = mass of aircraft; kg

,q,r = roll, pitch and yaw rates; rad/sec

s = Laplace operator; 1/sec

14 = time; sec

u = control vector perturbation for simplified model;
defined in Eq. (10)

U,0,W = components of relative velocity in body axes;
m/sec

wa,wy,w, = inertial components of wind velocity, m/sec

X = state vector perturbation for simplified model;
defined in Iiq. (10)

z,Y,2 = downrange, crossrange and vertical position co-
ordinates; see Fig. 2; m

AC ) = ( ) — ( ) = deviation of indicated quantity
from its trim value

8 = tan~l(v/u) = sideslip angle of fuselage

v = sin~Y—=V,/V) = flight path angle; see Fig. 2

5 ) = ( ) — ( )~ = deviation of indicated quantity
from its nominal value

8a = roll cyclic control deflection; cm

S, = gang collective control deflection; cm

e = differential collective or longitudinal cyclic control
deflection; ecm

8, = yaw cyclic control deflection; em

0,4 = piteh, roll and yaw attitudes of fuselage

by = tan"Y(V,/V.) = heading angle; see Fig. 2

() = flight control system lag time constants; see Fig. 5

Subscripts

E = error between commanded and existing values

q = difference to be gained

I = integral of subscripted quantity

N = nominal value

¢ = commanded value

f = final value

Z = initial value

m = maximum desirable value

0 = trim value

Miscellaneous

() = derivative of indicated quantity

()T = transpose of indicated matrix

(G

inverse of indicated matrix
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I. Imntroduction

N the past few years, the possible commercial use of verti-
cal/short takeoff and landing (V/STOL) aircraft to help
relieve the air traffic problem has received wide attention.
Responding to this interest, the NASA Electronics Research
Center undertook a program to “develop and demonstrate
the avionics system technologies that would make V/STOL
aircraft all-weather operations both technically and econom-
ically feasible on civil air route structures and in air traffic
environments representative of the 1975 to 1985 time period.”’!
During phase 1 of the program, the feasibility of using an
inertial guidance system/nav-aid system for terminal guid-
ance and navigation of V/STOL aircraft was evaluated by
means of a Gemini inertial platform and computer onboard
an H-19 helicopter and a CH-46C helicopter. Flights were
made both with and without position updates from a ground-
based radar, and test results were used to determine update
requirements as a function of sensor performance. The
over-all objective of phase 2 of the program was to evaluate
and demonstrate the technical and commercial feasibility of
using integrated, digital strapdown/nav-aid system concepts
for flight control, guidance and navigation of V/STOL air-
craft. This paper describes a study of the guidance sub-
system that has been conducted during the phase 2 effort.
The research objective was to develop and evaluate auto-
matic guidance modes and associated software for V/STOL
ajreraft.

I1. Analytical Development

Figure 1 is a block diagram of the automatic V/STOL
avionics system showing the flow of information and the
relationships of the three principal subsystems (navigation,
guidance, and flight control). The function of the guidance
system is to control the position and velocity of the aircraft
in order to achieve specified flight objectives, e.g., to transport
passengers from one airport to another under zero visibility
conditions. To perform this task, the guidance system re-
quires position and velocity information from the naviga-
tion system. It uses these data to generate velocity com-
mands for the flight control system, which provides the direct
control of the vehicle maneuvers by displacement of the
appropriate aireraft controls.

Simplified Model

The dynamics of the flight control system and the aircraft
introduce delays in the response to velocity commands.
However, the response time of the controlled vehicle (on
the order of a few seconds), is short relative to time periods
of interest to the guidance system (on the order of tens of
seconds). Hence, from the viewpoint of the guidance system,
velocity commands are achieved with negligible time delay.

The guidance system proposed here was developed with
the simplest possible representation of the controlled air-
craft—a perfect autopilot. That is, the aircraft’s true ve-
locity components were assumed to be identical to their
respective commanded values

t=V,=V, 1)
FLIGHT
OBJECTIVES DISTURBANCES
2 VELOCITY 1
GUIDANCE|COMMANDS | FLIGHT v/sToL asc
SYSTEM SYSTEM AIRCRAFT 'MOTIONS
T CONTROL

ATTITUDE | DISPLACEMENTS
INFORMATION MEASUREMENTS

VELOCITY
INFORMATION NAVIGATION

SYSTEM SENSORS
POSITION

INFORMATION

Fig. 1 Block diagram of the V/STOL avionics system.
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y = Vll = Vﬂc (2)
2= Vz = Vzc (3)

where z, ¥ and z are the position coordinates of the aircraftin
the inertial coordinate system illustrated in Fig. 2. The
origin of the coordinate system is at the intended runway
touchdown point; the z-axis is in the horizontal plane,
parallel to the runway and positive in the landing direction;
the z-axis is positive down along the local vertical; and the
y-axis forms a right-hand orthogonal system. V., V, and
V. are the three components of inertial velocity; V.., V. and
V.. are the corresponding velocity commands. Equations
(1-3) describe a simple dynamic system having three state
variables (z,y,2) and three control variables (V.,V,.,V..),
with time (f) being the independent variable.

The vehicle model can be reduced even further, since time
is not of great importance, by using a monotonic function
of the position coordinates as the independent variable.
For most flights the ground range-to-go R is convenient for
this purpose

R = @+ y)m @

Differentiating Eq. (4) with respect to time and using Egs.
(1) and (2) gives

B = @&V + yV,)/R ®)

Dividing Egs. (2) and (3) by Eq. (5), we obtain
dy/dR = RV,./(xV. + yV,.) (6)
de/dR = RV, /(xV., + yVy,) (7)
where z is determined from
o= — (B = ) ®)

Eqgs. (6-8) form the approximate model of the controlled air-
craft used for synthesis of the guidance system. The two
state variables are y and z; the three control variables are
Ve Vi, and V.,; R is the independent variable; and the
third position coordinate z is a dependent parameter given by
Eq. (8).

Perturbation Equations

The simplified equations of motion, Egs. (6) and (7), may
be linearized by taking first-order perturbations of the equa-
tions about a nominal trajectory

dx/dR = Fx + Gu (9)

where the state vector perturbation x and the control vector
perturbation u are defined by

5
X = [ y] u=|av, (10)
o0z
oV,
AIRCRAFT C. M.
Vx s
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Vad X

/ RUNWAY

__R____7/ Y 2

Fig. 2 Coordinate system and nomenclature for guidance
analysis.
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Fig. 3 Velocity-command guidance system with simple
meodel of controlled aireraft.

and the matrices F and G are given by

RynV ooy — a5Viey) [chzv 0 a1
T o @nV ey + 93V vy’ Ve 0 )
G =
R —xNVycNJxNchN, 0
(Q:NchN + ?}NV“N)z “‘xNVch;—yNszN,xNVxCN + yNVucn

(12)

In the above equations, the perturbation quantities are de-
fined by 6( ) = ( ) — ( )w, and the subscript N denotes
the nominal value of the indicated quantity.

Quadratic Synthesis

To obtain a linear feedback guidance law, it is convenient
to choose a performance index that is a quadratic function
of the control and state variable perturbations (see, for ex-
ample, Ref. 2)

1 1 o
J = 5 &S Xnns+ fR,» (x74x + uTBuldR (13)

where R; and R; are, respectively, the initial and final range.
The matrices S; and A weight the penalties associated with
terminal and enroute state variable errors, and the matrix
B penalizes control deviations during the flight

Sy, 0
s/ - [ v ] (14)
0 0z;72
1 [oyn= 0 P
A=k "R [o 55,”2] (15)
V.t 0 0
1
B - — 0 5V
R, — R ven 0 (16)
0 0 6V,

The parameters 6Y1,0271,0Ym,02m,0V 2,0V ., ,6V..  must be
chosen to provide satisfactory enroute and terminal guidance
within acceptable limitations on 6V, 6V, and §V.,.

The minimization of the performance criterion, Eq. (13),
subject to the perturbation equations of motion, Eq. (9),
yields the linear feedback guidance law

u= —C(R)x )
The feedback gain matrix C(R) is defined by
C = B7'G?S (18)

where S is the solution of the matrix Riceati equation
dS/dR = —SF — F7S 4 SGB~!G’S — A (19)
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INPUTS
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I Py = Py (T=1)+ A%P (1), K32,000-12 |

F"—"—]
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Fig. 4 Computer flow diagram for guidance scheme.

with the boundary condition

SRy = S; (20)

III. Implementation of the Guidance Concept
In expanded form the guidance law, Eq. (17), is

ch = VI(:N - Cvay(y - ?/N) - CVI,z(Z - ZN) (21)
Vyc = VﬂcN - OVy,y(y - ?/N) - OVyJ(?’ - zN) (22)
Vze = VZoN - CVz,y(?l - Z/N) - CVZvZ(z - ZN) (23)

Figure 3 shows a block diagram of the velocity-command
guidance system with the simple model of the controlled air-
craft used in the guidance synthesis. In the simulation
described subsequently, the dashed block “Controlled Air-
craft” is replaced by the flight control system and a rigid
body dynamic model of the aircraft.

To comply with the guidance/flight control interface, the
guidance system velocity commands were required as the
difference between the desired and actual velocity com-
ponents in a ‘Vertical Heading” reference frame. This
frame, which was selected for convenience in a manually
operated mode, is defined as follows: the origin is at the air-
craft center of mass; the z-axis is the projection of the body-
fixed 2-axis onto the local horizontal plane; the z-axis is verti-
cal and directed downward; and the y-axis completes the
orthogonal triad. Thus, the transformation from the inertial
frame to the “Vertical Heading”’ frame involves a rotation
through the yaw angle ¢ about the z-axis. As a result, the
guidance system outputs are given by

Veg = Vee = Vo) cosy + (V,, — V,)sing  (24)

Vie = —Vee — Vo) sing + (V,, — V) cosy  (25)

VZG = Vz,; - V. (26)

Figure 4 is a flow diagram for the implementation of the
guidance algorithm, Eqs. (21-26). The inputs required are
the three inertial position coordinates (z,y,z), the three in-
ertial velocity components (V,,V,,V.), and the heading angle

(¥); the outputs are the three components of velocity-to-be-
gained in the “Vertical Heading” frame (V.q,Vye Vo).



640 HOFFMAN, ZVARA, BRYSON, AND HAM

@
71 FROM
58 GUIDANCE SYSTEM
x| (@53 [ a—
€ =Rz

eAA}
SIINNVHO

TYNOLLO3YIQ - IVH3ALYT
STINNVHD VNIGNLIONOT

(IASA)

° 6

—_———

FROM TO HELICOPTER FROM

NAVIGATION CONTROL NAVIGATION
SYSTEM ACTUATORS SYSTEM

—_—— —_—
TO HELICOPTER FROM
CONTROL NAVIGATION
ACTUATORS SYSTEM

Fig. 5 Velocity-command flight control system for CH-
46C helicopter.

Fixed data storage is required for twelve guidance quanti-
ties: the independent variable (R); the five nominal tra-
jectory histories (yx,2x,Vaews VieysVeoy); and the six feed-
back gains (Cv,.u,Cvy,Cv.5,Cv2.5,Cry.2,Cr,.:). From  the
results of the simulations conducted with the guidance scheme,
it is estimated that approximately 25 sets of data points
should be sufficient to represent most nominal trajectories.

Table 1 provides a summary of the estimated computer
storage and caleulation time requirements for the guidance
scheme. The data in Table 1 are based on the flow chart of
Fig. 4 and the simulation experience gathered during this
investigation. It is apparent that the storage requirements
for a single nominal trajectory are very modest, so that a
number of different nominals might be carried along for
greater flexibility and for contingenecies. In fact, six nominals
would require only about 2,000 words of memory for the entire
guidance function. The maximum time required for the
guidance calculations is less than 2 msec; hence a sample
rate of 8-10/sec would consume less than 59, of the comput-
er’s time. ¥

Although inflight switching from one nominal to another
was not investigated during the study, this should not present
any major difficulties. If the new nominal were substan-
tially different at the switching point, it is likely that large
velocity vector changes would be commanded too suddenly
for passenger comfort. However, limits placed on the ve-
locity-to-be-gained and lags in the dynamic response of the
flight control system and of the aircraft itself would signifi-
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Fig. 6 Nominal VTOL planar trajectory.

T Times based on operation speeds for IBM 4PI/CP-2 Com-~
puter.
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Table 1 Estimated computer requirements

Speed (usec)®

Storage (Words) Operation No. Time

Permanent += @ 3.8 204 775
Guidance tables 300

(1 nominal) X @11.5 23 265

Program 120 -+ @ 46.3 1 46

Temporary 30 v @ 250 1 250

Margin (=10%) 50 sin @ 244 1 244

Total 500 cos @ 230 1 230

store @ 2.5 55 135

margin (=~109) 195

Total 2140

% Times based on operation speeds for IBM 4PI/CP-2 Computer.

cantly attenuate the resulting accelerations. If the response

‘was not entirely satisfactory, an alternate approach would

be to carry a set of simple transition paths to connect the old
and new nominals. These transition nominals might, for
example, consist of constant climb and descent rates for
vertical matching, and connected segments of straight lines
and constant radius turns in the horizontal plane.?

IV. Digital Simulation
Aerodynamic Model

The performance of the guidance scheme was evaluated
by means of a six-degree-of-freedom digital computer simula-~
tion of the tandem-rotor CH-46C helicopter.** A linearized
“near-trim’’ dynamic model of the aircraft was used to calcu-
late the aerodynamic forces and moments as functions of
altitude, velocity, the three vehicle attitudes (yaw, pitch,
roll) and their rates, and the four control displacements
(differential collective, gang collective, roll cyclic, yaw
cyclic). In body axes, the forces and moments are

F. = mgsinf, + X.Au + X, Aw + X9 +

X;5,A8. + Xs5,A8. (27)
F,=Ywp+ Yp+ Y+ YsuAdo + V5,08, (28)

F. = —mgcosl, + Z.Au + Z,Aw + Zg -+
75,06, + Z5, 0. (29)
Fi= Lo+ Lyp + Lor 4+ LsAd, + LsAS,  (30)
F,, = MAu -+ M,Aw + Mg + Ms A5, + M5 Ad.  (31)
Fn=Nw-+ Nyp + Nir + N Ad. -+ N5 Ab,  (32)

where A( ) = () — ( ), and the subseript o denotes
the trim value of the indicated quantity. The trim values
06,8¢0,000,005,0r, and the stability derivatives X., X., ete.,
were linearly interpolated from data tables as functions of
the horizontal and vertical velocity components relative to
the air, Vg and Vy

Ve = [(Vo — wa)? + (V, — w,)*]? (33)
Ve=V.—w (34)

where w., w, and w. are the inertial wind components. A
complete listing of the simulation program and a tabulation
of the aerodynamic and physical data assumed for the air-
craft are presented in Ref. 5.

Flight Control System

The velocity-command flight control system used in the
simulation was developed for the CH-46C at NASA ERC.

** The simulation program was a modified version of Program
LIFT.*
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Table 2 Weighting parameters used to calculate
guidance feedback gains

Takeoff Cruise Approaches
8Ym 10.0m 15.0 m 15.0 m
82m 10.0 m 15.0m 15.0m
Yy 27.8 m ® 5.0m
825 27.8m @ 50m
Ve, 0.5 m/sec 0.5 m/sec 0.5 m/sec
Ve, 0.5 m/sec 0.5 m/sec 0.5 m/sec
8V, 0.5 m/sec 0.5 m/sec 0.5 m/sec

The longitudinal and lateral-directional channels of this
system are shown in Fig. 5. Simulation of the flight control
system required eight integrations, three for the longitudinal
channels and five for the lateral-directional channels. In
Fig. 5, V is the airspeed at which the flight control system
switches from a low-speed hover mode for heading control,
to a high-speed cruise mode for sideslip control. To prevent
large transients when switching from cruise to hover mode,
the yaw angle feedback is biased by the value which exists
at mode switch, 1.

Nominal Trajectory

Figure 6 shows the nominal trajectory used to evaluate
the proposed guidance scheme. Tt consists of several piece-
wise-constant vertical and horizontal acceleration segments,
indicated at the top of the figure. A planar flight path having
three phases (takeoff, cruise, approach) was selected. The
total distance traversed, shown as 10 km in Fig. 6, is easily
adjusted by modifying the length of the (steady state) cruise
phase. The takeoff phase of the trajectory, which was
based on discussions with CH-46C pilots, begins with a
vertical liftoff to hover 10 m above the runway. This is
followed by a constant horizontal acceleration to 5 m/sec,
which is maintained for 20 se¢ to provide the pilot an
opportunity to verify system performance. The forward
velocity is then increased to 25 m/see, at which point the
transition to a steady elimb rate of 4 m/sec is initiated.
This rate of ascent is held until an altitude of 210 m, where
the leveling off maneuver begins. The cruise phase com-
mences when the helicopter has attained level flight at an
altitude of 250 m, and is maintained until the aireraft is
3000 m from touchdown.

The approach phase of the trajectory is the most crucial
in terms of aceuracy requirements.. A constant vertical
acceleration transition is initiated at 3000 m from touchdown
and is completed when a flight path angle of —0.1 rad has
been achieved. The constant 2.5 m/sec rate of descent is
maintained until an altitude of 30 m is reached, at which
point the flare maneuver is commenced. The flare itself

Vo -1600
Vyys25 ]
VZN=0
Vi O TOP_VIEW -1200
Vyy=25 =
Vzy 25 . N
W
—-800 2
&
RADIUS OF TURN = 500M o
- wn
Vg, 20 - a8
[
Vyy 25 § &
Vzy*25 | ToucHpown 7400
VXN: 25
Vyp= O START FLARE -
Vzns2.5
L i L 1 1 L A 1 o
-2060 -1600 ~1200 800 ¥360

DOWNRANGE, X (M)

Fig. 7 Nominal 90° approach trajectory.
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Fig. 8 Feedback gains for planar nominal trajectory.

consists of constant vertical and horizontal accelerations such
that the aircraft levels off at an altitude of 10 m. The
horizontal deceleration is continued until the velocity has
been reduced to 5 m/sec. This speed is held for 20 sec to
again provide the pilot an opportunity to verify system
performance. The remainder of the trajectory consists of a
final deceleration to hover above the runway followed by a
vertical descent to touchdown.

In addition to the complete nominal path just described, an
approach phase nominal was devised to examine the system
performance during a 90° turning maneuver. This 90° ap-
proach nominal, whose ground track is shown in Fig. 7,
was obtained from the planar approach of Fig. 6 by “wrap-
ping”’ it around a hypothetical vertical cylinder with a radius
of 500 m, beginning at * = —1200 m. Thus, the two ap-
proaches are identical for B < 1200 m.

Guidance Feedback Gains

Using the nominal trajectories just described, the guidance
feedback gains were calculated for each phase by integrating
Eq. (19) backwards, i.e., away from the touchdown point.
The weighting parameters which were used in these calcula-
tions are given in Table 2. Except for the cruise phase,
which is a steady-state flight condition, the weighting param-
eters penalize both enroute and terminal deviations from the
nominal trajectory. The values of 8y, and 6z, for the takeoff
phase were selected so that the gains at the end of this phase
matched the constant cruise gains.

At either end of the nominal trajectory, the aireraft ve-
locity goes to zero. As a result, the rate of change of the
independent variable becomes zero, while the nonzero feed-
back gains become infinite. To avoid these difficulties, the
initial and final ranges used in the calculations were 20 m
from the actual ends of the trajectory (i.e., R; = 9980 m and
R; = 20 m), where in both cases, V., = 5/sec. Theresulting
feedback gains are shown in Fig. 8. For a planar nominal
trajectory (V,, = y~ = 0), three of the six gains are always

300
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L
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<
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LTITUDE, -2 (M}

100 4

L 1 1 )
-3000 —2000 —-1000 [5)
DOWNRANGE, X (M)

Fig. 9 Effects of initial altitude errors on straight-in
approach.
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Fig. 10 Effect of initial crossrange error on straight-in
approach.

zero: Cy,y, Cr,y and Cy,.. Furthermore, during level
flight (V., = 0)Cv,,. also vanishes. It is also interesting
that for these weighting parameters, the remaining two gains,
Cy,y and Cy,., are nearly identical throughout the entire
flight. Consequently, a savings in computer storage might
be realized during a planar flight since only two gain histories
are required.

Tosimulate the guidance system’s performance, the nomi-
nal trajectory histories and the feedback gains had to be
stored as functions of the range to go. The small symbols in
Fig. 8 indicate the stored gain values used for the planar
nominal.

Simulation Results

A large number of flights were simulated with a variety
of off-nominal conditions to evaluate the guidance scheme’s
performance. The results presented here are representative
of all the simulation studies. The approach phase results
were selected since this is the most critical portion of the
flight in terms of guidance accuracy.

Figure 9 is a side view of the straight-in approach with
nominal conditions and with initial altitude errors of =+50
m. In each case, the proposed guidance scheme smoothly
“funnels” the aircraft back toward the nominal path and
into the nominal final conditions. Figure 10 compares the
projected ground tracks for straight-in approaches with
nominal initial conditions and with an initial crossrange
error of —100 m. Again, the guidance scheme performs
very satisfactorily, steering the helicopter back toward the
nominal path and eventually into the nominal terminal point.
The effects of an initial heading error of 20° are shown in
Figure 11. The guidance scheme corrects the heading before
a crossrange deviation of 10 m develops, and then smoothly
guides the aireraft back to the nominal path.

The effects of crosswinds during the straight-in approach
are illustrated in Fig. 11. Two wind profiles are presented:
1) a constant crosswind of 10 m/sec, and 2) a constant-
shear lateral wind, which varies linearly from 10 m/sec at
an altitude of 250 m down to 5 m/sec at sea level. The air-
craft is initially blown to the right of the nominal path, but
compensates for the wind by “crabbing” (i.e. yawing) to
the left. The lateral response which begins at x = —600 m
is ecaused by the changing trim conditions and aerodynamies
during the flare and forward deceleration in conjunction with
the erabbed attitude of the aireraft.
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Fig. 11 Effects of initial heading error and crosswinds on
straight-in approach.
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Fig. 12 Effects of initial downrange errors on 90° ap-
proach.

Figure 12 presents the side and top views of 90° approaches
with nominal initial conditions and with initial downrange
errors of 100 m. These results, which are typical of all
the 90° approach simulations, illustrate that the guidance
scheme performs satisfactorily for a turning approach as
well as a straight one.

V. Conclusions

The simple feedback guidance scheme described here is
capable of automatically and accurately steering a VIOL
aircraft during the takeoff, cruise and approach phases of
flight. The proposed guidance concept can accommodate
large initial condition errors, winds and uncertainties in
the aircraft characteristics. The complexity of the scheme
is reduced considerably by neglecting the delays of the con-
trolled aireraft in responding to a velocity command, and
by using ground range as the independent variable. The
storage and computational requirements for implementing
the scheme are quite modest so that data for a number of
alternate nominal trajectories could easily be carried on
board.
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