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Dynamics and Control of Maneuverable Towed Flight Vehicles

J. E. Cochran Jr.,* M. Innocenti, T. S. No,{ and A. Thukral}
Auburn University, Auburn, Alabama 36849

This paper considers the problems of dynamically modeling and automatically controlling the motion of a
small maneuverable flight vehicle that is being towed by a much larger one. Mathematical models of the
components of the system, including the towing aircraft, tow cable reel mechanism, tow cable, and vehicle
aerodynamics, are described. The development of an autopilot for stability augmentation and maneuvering of
the towed vehicle is discussed. An overview of the implementation of the models in a digital computer simulation
program is provided, and some typical results obtained using the program are presented. A comparison of

theoretical and experimental results is also made.

1. Introduction

ROM the early days of powered flight, there has been an
interest in towing objects from aircraft. Objects that have
been towed include antennas, banners, gliders, and targets.
Because of the interesting, and sometimes troublesome, char-
acteristics of the motions of some towed objects and the
cables, or towlines, the dynamics of the cables and the towed
objects have been studied by several investigators at various
times during the last 60 years.!-1¢
The problem of describing the motion of a towed cable/
object system is far from trivial. The equations of motion are,
in general, coupled, ordinary, and partial differential equa-
tions (i.e., hybrid equations). Various approaches have been
taken in studying such systems. Glauert! and Phillips? did
some pioneering work on the stability of the motion of bodies
towed from aircraft. Phillips® also analyzed the stability of the
motion of a cable used to tow a nonlifting body. He used a
continuum model for the cable and studied the effects of tow-
ing speed on the stability of lateral oscillations of the cable and
concluded that the oscillations would be damped out if the
speed of flight were less than the speed of propagation of
vibrational waves along the cable.
During the late 1960s and early 1970s, interest in obtaining
a more complete description of the dynamics of tow systems
consisting of a towing aircraft, a cable, and a towed object, led
to articles and reports (see Genin and Canon,* Norman et al.,’
Huffman and Genin,% Huang,” DeLaurier® and Cannon and
Genin®) that added a great deal to the general understanding
of the problem. The analysis of DeLaurier? is perhaps the most
comprehensive stability analysis to date. None of these efforts,
however, produced a means for simulating, in an effective
way, the motion of a towed vehicle system. A principal imped-
iment to progress during this period was that the computers of
that era were too slow to provide extensive numerical results
with reasonable expenditures for computer time when continu-
ous, or high-degree-of-freedom, lumped-mass models for the
cable were used.
The availability of fast, economical computing hardware
and more efficient numerical algorithms has spurred renewed
interest in dynamics problems involving cables and tethers.
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Reference 10, for example, deals with the simulation of the
nonlinear motion of a tethered, lighter-than-air vehicle. Re-
lated work in the area of tethered satellite dynamics'!-!® also
forms a portion of the basis for further work in this area.
Except for the tow system of Ref. 5, in which the towed vehicle
is modeled as a point mass, the towed object has been consid-
ered as a passive body. Usually, the towed vehicle is also
considered nonlifting. Moreover, most analysis and numerical
results have been restricted to planar motion. Thus, although
a good deal of work has been done, there is still a need for
modeling, analysis, and simulation of tow systems in which the
towed vehicle is maneuverable.

In this paper we consider the problems of dynamically mod-
eling a tow system and designing a system for automatically
controlling the towed vehicle. In the process of addressing this
problem, we have developed a relatively general digital sim-
ulation of a system consisting of a towing aircraft, the tow
cable reel, the cable, and a maneuverable towed vehicle.!*
Modeled dynamically as a rigid body, the towed vehicle is
assumed to contain a stability and control augmentation sys-
tem (SCAS) that allows the basic vehicle to be inherently less
statically stable than conventional targets. Hence, not only can
the target be maneuvered, but also its flight characteristics can
be tailored to represent a variety of vehicles of interest. The
simulation is both theoretically and practically useful and has
been used in the development of the first maneuverable tow
target to be flown above the towing aircraft and successfully
recovered.!’

In the following, we first describe the mathematical models
for the towing aircraft, the cable, the towed vehicle, and the
SCAS. Second, we explain the general structure of the simula-
tion. Third, we present some results to illustrate the usefulness
of the simulation. Fourth, we present a brief comparison of
our theoretical results with the experimental results of Ref. 8.

II.

General Description

In our development of the present models we have assumed
that the towing vehicle is much larger than the towed vehicle so
that the towing aircraft’s motion is unaffected by the towed
vehicle and may be specified a priori. The tow cable is modeled
as a system of n point masses connected by massless, straight
cable segments. Aerodynamic and gravitational forces that act
on the masses are determined from physical and aerodynamic
characteristics of cable segments. The number of masses used
is arbitrary (but, of course, limited) to allow for variations
in the length of the cable during deployment and retrieval. The
segments between point masses on the cable are assumed to be
inextensible. However, the length of the segment between the
mass closest to the aircraft may vary in length. The center of
mass towed vehicle is controlled using movable aerodynamic
surfaces (e.g., elevators, rudder, and ailerons). It is modeled

Mathematical Models



1246 COCHRAN ET AL.: MANEUVERABLE TOWED FLIGHT VEHICLES

dynamically as a single rigid body; i.e., movement of the
control surfaces is assumed to affect the motion of the vehi-
cle only indirectly through resulting changes in the aerody-
namic reactions.

System Geometry

Four dextral orthogonal coordinate systems are used in
defining the basic geometry of the system (see Figs. 1 and 2).
The EXYZ system is fixed to the Earth’s surface with its Z axis
directed vertically down (a flat Earth is assumed) and its X axis
directed along the horizontal projection of the initial velocity
of the towing aircraft. The EXYZ system serves as our inertial
reference. The Ax,y4z4 system is fixed in the towing aircraft
with its origin at the aircraft’s center of mass. The x4 axis is the
longitudinal axis of the towing aircraft, and the y, axis is
directed out the right side of the aircraft. Point P shown in
Fig. 1 is the point of attachment of the tow cable to the air-
craft. The position vector rp locates P, and its velocity and
acceleration are vp and ap, respectively. The vehicle’s center of
mass C is the origin of both the local vertical system Cx,y,z,
and the target-fixed (body-fixed) system, Cxyz (see Fig. 2).
Unit vectors, #, f, and k are associated with the Cxyz system.

A local coordinate system, m;,x;y;2;, is defined for each
point mass #1; (see Fig. 3). For the nth mass we have px,y,z,.
The towed vehicle is mass m;. Unit vectors &;; (i=1,2,3)
are associated with the coordinate systems m;,X;¥;z; and
Px,y,z,. The attitude of the jth segment of cable, with respect
to EXYZ, is defined by the angles 6,; and 6,; using a 1-2
rotation sequence. The orientation of the towed body is de-
fined by using Euler angles, ¥, O, and &, in a standard 3-2-1
rotation sequence, as shown in Fig. 2.

The controls assumed for the purposes of this paper are
canards for pitch and yaw control (deflections é, and §,) and
ailerons on two wings for roll control (deflection 6,).

Dynamics

Equations of motion for the system of interest may be
derived using several different methods such as direct applica-
tion of Newton’s laws of motion and Lagrange’s methods. All
of these methods are, of course, based on Newton’s laws of
motion, but different methods often produce equations of
differing algebraic complexity.

EXYZ - Earth-fixed Coordinate System
Ax ’,,‘)’AzA - Towing Aircraft-fixed Coordinate System
Cx NI Target Local Vertical Coordinate System

Y 2y

z

Fig. 1 Coordinate systems: EXYZ, Earth-fixed; Ax4y424, towing
aircraft-fixed; Cxyyyzy, vehicle-carried local vertical.

X
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Fig.2 Towed vehicle orientation.

P = POINT OF ATTACHMENT OF TOWLINE TO AIRCRAFT
m = MASS OF it ELEMENT
m, = MASS OF TARGET

m. r
2N\

o

E+
Fig. 3 Lumped-mass cable model; P, point of attachment of towline
to aircraft; m;, mass of jth element; m;, mass of target.

In our work on this problem we have actually used two
approaches, both based on the direct application of Newton’s
laws of motion. The differences in the two approaches were in
the choice of variables and the method of eliminating con-
straint forces. Since the cable is assumed inextensible, the con-
straints of constant length segments must be enforced and the
tensions in segments are the constraint forces. To eliminate
these forces, we first used cross products of the r; with equa-
tions containing 7}, which is colinear with r;. This process led
to relatively complicated rigid-body-type equations containing
moments of inertia of portions of the system of bodies. A
simulation program based on these equations was developed
and exercised, and ran very slowly.

To obtain equations that required fewer computations to
evaluate derivatives, we selected the following variables:

v; = w;Xrj, Jj=12,...,n-1 )]
which are the velocities of the m; with respect to the m;,,,
and v,, the velocity of m, with respect to P. The first n — 1 of
these velocities may be expressed as in Eqs. (1) because the
segments between the masses are straight and inextensible.
During deployment or retrieval, ¥, =F,23,, and at other times
#, =0. For any of the v;, we may write the acceleration of m;
with respect to m;.., (or P) as

V=V +w XV ()
where

o . ~ . ~ . ~
V; =Uyj€y; + Uy;€y; + Uj;€;3;
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Except for j =n, us; =0. The components u,; are suitable vari-
ables, and from them we can obtain kinematic equations for
the 8,;, i=1,2; j=1,2,...,n, in the following forms:

9lj= —(uzj/rj)/COS 92/' (33.)
and

By =(uy/r)), Jj=123,....n (3b)

If we put a;=ap +L}_;V,, where ap is the acceleration of
point P, use A;, j=1, to denote the aerodynamic force at-
tributed to the jth segment and acting on m;, 4, to denote the
aerodynamic force on the towed vehicle, and T to denote the
tension in the jth segment, then the equations for translational
motion are

mpa,=T,—T,_+A,+m,g

My @p =T, — T 2+ A, tm,_18

S

m1a1=T1+Al+m1g

By adding appropriately selected equations from Eqs. (4),
we obtain the following equations, each of which contain only
one tension vector:

ma=A,+mg+T
ma +ma=A,+ A, +(m+my)g + T,
&)
mia + - +my G, +mua,=A;+A4,+ - +A,
+(mi+my+ - +my)g + T,

Since ¥, =v; +w; X v;, Eqgs. (5) provide 3n equations for the
2(n + 1)+ 3 components of the v;, j=1,2,...,n. To extract
the components, we may take dot products of the equations
with appropriate unit vectors.'* For example, we can multiply
the first equation of Eqgs. (5) by &,; and é,; to obtain equations
for u,, and u,, respectively. The scalar equations can then be
put into the matrix form,

Mi=F (©6)

The dot products can be conveniently computed by using di-
rection cosine matrices C;, which are functions of 8,; and 8,;.
For example, &, -&is the element of Q[g(in the ith row and
Jth column.

In addition to Egs. (3) and (6), we need equations that
govern the rotational motion of the towed vehicle. Since the
tow point on the vehicle for the model discussed here is the
vehicle’s center of mass, the cable exerts no moment on the
vehicle. Thus, the rotational motion equations are simply

IM=-0I9+ M, %)
where [ is the centroidal inertia matrix of the vehicle,

Q=(p g r)Tis a matrix of angular velocity components (vehi-
cle-fixed),

=}
I
~
o
|
o]

®

and M, is the aerodynamic moment, which we write as
M,=(LMN)".

To complete our equations we need the usual'® kinematic
equations for the Euler angles ¥, O, and &:

¢ 1 tan©s® tanOcd || p
6i=)0 cd —s® q )
¥ 0 s®/cO c®/cO r

Aerodynamics

Two aerodynamic models for the tow system are needed.
The cable acrodynamics will be considered first, followed by a
discussion of the towed vehicle aerodynamic model.

For the jth cable segment, the aerodynamic force is modeled
byl7

Aj = [Yspdeye,Cove, = Vapd, vinCrl; ] 1 (10

where p is the atmospheric density, d.. is the diameter of the
cable segment, v, is the magnitude of the crossflow velocity
v.., C. is the crossflow drag coefficient, Vi, is the magnitude
of the tangential velocity Vi Cyis the skin-friction coefficient,
t;=T;/T;=@;;, and r; is the length of the segment. The coef-
ficients C. and Cyare, in general, functions of the local Mach
number. The crossflow velocity is found from v, =vgy,
/ J
- (vRWj -@3;)e3;, where Vrw, =Vp +L;_;vi. The aerodynamic
force on the towed vehicle is assumed to be of the standard
form, A, =X{+ Yf + Zk. The components X, Y, and Z can
be expressed in terms of the coefficients C,, C,, and C,, re-
spectively. These may, in turn, be expressed in terms of stan-
dard stability derivatives, the vehicle angle of attack «, and the
sideslip angle 8.
We assume that the position velocity and acceleration of the
point P are known. Thus, to define the location of the towed
vehicle’s center of mass, we may use

re=r, +,-§ C;(00r)7T an

In the simulation the equilibrium states corresponding to a
particular towing speed are calculated from the equations
F,=0 and M,,=0. When the flowfield in which the towed
vehicle is submerged can be considered uniform, then for given
equilibrium angles of attack («,.) and sideslip (3,) of the vehi-
cle, control deflections for trim can be found from the moment
equation M4 = 0. The force A; may be computed, followed by
T, and the angles 6,, and 65,,. Then A, , T3, etc., on up the
cable to point P can be determined. When the flowfield is
nonuniform but steady, an iterative procedure may be em-
ployed to find equilibrium solutions.!

III. Control System

For the purpose of this paper the control system was syn-
thesized using a linear short-period dynamic model of the un-
constrained (no cable) vehicle. The control system was tested
in the nonlinear simulation to verify its proper operation. The
system is similar to the system used in the vehicle described in
Ref. 14.

The objectives established for the autopilot of the towed
vehicle were to achieve good stability characteristics at the trim
in the presence of external disturbances and to allow for good
maneuverability in changing trim conditions. The autopilot
consists of three components: 1) an inner SCAS, 2) a maneuver
autopilot (MA) to control the process of moving the vehicle
from one trim condition to a new one, and 3) a stationkeeping
autopilot (SKA). In this section the characteristics of the three
autopilot components are described, and design parameters
are given for a typical flight condition.

Stability and Control Augmentation System

The SCAS is the inner loop of the autopilot and must pro-
vide adequate stability and quickness characteristics and be
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insensitive to sensor/actuator errors and uncertainties in aero-
dynamic parameters.

The SCAS structure is traditional; the design was performed
using classical control techniques and linear analysis. Al-
though the motion of the towed vehicle is affected by the
motion of the parent aircraft, as stated earlier, for the purpose
of synthesizing the SCAS, we assumed that the vehicle was
free and used standard linearized dynamics, including the
three rotations (roll, pitch, and yaw) and vertical and lateral
translations. Geometric, mass, and aerodynamic data for
the hypothetical vehicle used in the synthesis process are given
in Table 1 for a reference speed of 100 m/s and sea-level
conditions.

The SCAS consists of three subsystems, one for each axis
(x =roll, y =pitch, z =yaw). The controllers in pitch and yaw
are similar in structure, the only difference being a sign change
due to the standard convention used in defining sideslip and
angle of attack.

Roll SCAS

The main requirement of this subsystem is to provide roll
stabilization in the presence of external disturbances and sen-
sor/actuator errors. A secondary objective is to achieve good
command following if a particular roll angle is desired (espe-
cially during deployment and retrieval if a nonzero roll angle
is necessary for saddle locking).

A block diagram of the roll autopilot is shown in Fig. 4. The
vehicle dynamics are given by the traditional first-order roll
approximation

G
$(s) = Gybs + —* D (12)
a
where
G,=a/[s(s +b)] (13)
a = 498.42, b =35.35
Table 1 Vehicle characteristic parameters
Parameter Value Parameter Value
Mass m 30.91 kg Cr, 51.57
Length ¢ 1.76 m Cn,, —170.69
Ref. area S 0.0324 m? Cnm, —1173.87
Ref. length ¢ 0.203 m CLaE 5.66
Xcg 0.889 m Crm,, 37.48
I 1.2558 kg-m? C, —160.61
Iy=1I; 10.563 kg-m? C"BA 15.2
Ref. speed vo 100 m/s p Sea level

Table 2 Roll controller data

Parameter Value Parameter Value
Kacr 3Kact /T, 0.6
Kic 10Ky¢ 1/aT, 0.1
Ke /Ky 1/Ty 5.35
Gain margin 17 dB 1/8T 100

Phase margin 70 deg

Table 3 Pitch controller data

Parameter Value
K 3.5
K> (=1/K)) 0.2857
K3 35
K; —-0.1

~15dB, 110 deg
=25 dB, 60 deg

GM, PM, inner loop
GM, PM, outer loop

D
Sac 5, +
et Gao | oo P »i—- So0 R o
hl
.
Geals) Gvdls)

+

Fig. 4 Roll autopilot block diagram.

and where D is the maximum expected external torque, as-
sumed to be a constant equal to the steady-state rolling mo-
ment generated by the maximum aileron deflection. In the
present analysis D =27.3 N-m. In Fig. 4, &. is the roll angle
command (usually equal to 0 deg), and » is the sensor offset.
The sensor is a vertical gyro modeled by a gain Gy (s) =Ky
and has a maximum offset, n =1 deg.

We model the actuator, a dc motor, as a linear second-order
system with bandwidth wacr= 10 Hz and with an error ¢ pro-
portional to the input signal é,c. The actuator output 5, is
therefore determined by

Kactehcr
84 = Gacr(s)0ac =
A ACT( ) s2 +2 g-wAC'rS + wiCT

+ 6) 6AC (14)
The actuator gain Kscr has a nominal scale factor value of
2 deg/V. Both actuator and vertical gyro gains can be adjusted
for good steady-state performance.

The control system consists of a lag-lead compensator in the
forward path, G.(s), a feedback gain, K.,, and adjusted actu-

ator and gyro gains, Kxcr, Ky The lag-lead compensator has
the standard structure

(Tos + D)(Tps + 1)
(aT.s+D@BTrs+1)°

G.(s) = a>1, g<1  (15)

The lag component is designed to provide a sufficiently high
loop gain at low frequency and a good gain margin. The lead
component is designed to allow sufficient damping and cancel-
ing of the roll mode and additional rolloff at high frequency.

The various gains, Kict, Kvg, and K.,, are computed to
yield good steady-state response characteristics. In particular,
Kict is based on the response to the external disturbance D;
ie.,

¢ss — _____1__ D

KicrKe:Ki
where K, is equal to 1/(Ky¢) in order to provide zero steady-
state error to bank angle command, as shown by the following:

1

= ——— . 16
¢ KczK&cd) (16)

Finally, the gyro gain is adjusted to minimize the response to
its own offset:

1
= ———n 17
@ Kie (17

Table 2 gives the numerical values of the controller parame-
ters. The open-loop frequency response exhibits a gain margin
of ~17 dB and a phase margin of ~70 deg.

Figure 5 shows the roll-angle time histories in response to an
external disturbance and a roll-angle command and sensor
offset. As can be seen, satisfactory results are obtained. The
control activity in terms of aileron deflection rate, although
not shown, is well within the operational limits of conventional
actuators.
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Pitch SCAS

The pitch channel of the SCAS must provide satisfactory
acceleration following with good transient characteristics and
stability margins. The pitch SCAS uses a rate gyro and acceler-
ometer combination to generate elevator deflection com-
mands. The inner loop consists of a pseudo-attitude feedback
with forward integration to improve the short-period dynam-
ics and to provide zero steady-state error. The center loop
consists of integral feedback of acceleration error for good
command following. The block diagram of the control system
is shown in Fig. 6. k

The vehicle transfer functions may be found using the data
given in Table 1. Explicitly, we have

q 146.12(s +4.08)

G,s)=2 18
)= = 1 8.035 1 291.29 (182)
and
a  —0.371(s — 388.96)
Gs)=2 = 18b
)= 5 = 5718.035 +291.29 (18b)

The system is lightly damped ({=0.235) and has a natural
frequency of 17.07 rad/s.

A pure gain [i.e., Grg(s)= K] is used to model the rate
gyro. The accelerometer is modeled as a first-order system with
a break frequency of ~30 Hz, so that

188.4

= 19
€5 +188.4 19

GACC = KA

Nominally, Krg =1 V/deg and Kcc = 1/9.8 (V-s2)/m.

25 ? : 5
o
=
o 15
o0
c
< 1o
3
5
0
0
a) Time (sec)
0 r -+
2
a0
f=1
01
S
M B B
-0.15 i s
0 2 4 6 8
b) Time (sec)

Fig. 5 Rolls response to a) 1-N-m external disturbance; b) 1-deg
sensor offset.

K + 3 q Nz
2 —>O—ﬁ Gacts) ™ Gus) Gy =
"
Nz Kz
+ s + 7.
Gm
K2 Ki Grals)
" —— —
Gacdls)
"R

Fig. 6 Pitch autopilot block diagram.

12

AN

0.4 Ff i .

Normal Acceleration (g/rad)

Q.2 F g -

Time (sec)

Fig. 7 Normal (z-axis) acceleration response to step command.

oT
VEWAA

Fig. 8 Cable attachment geometry.

Controller parameters and results for the inner- and outer-
loop frequency responses are given in Table 3. The frequency
responses indicate good stability margins.

The normal acceleration response to step input command is
shown in Fig. 7. This, and the corresponding time histories for
pitch rate, yaw rate, etc., are considered satisfactory, since no
requirements were set on the time constant and the bandwidth
of the system.

The yaw SCAS is similar to the pitch SCAS. The yaw rate r
replaces pitch rate ¢, and — 3 replaces the angle of attack «.
The controller gains are the same as those given in Table 3,
except that K, =0.1 is used in the lateral acceleration loop
instead of K, = —0.1.

Maneuvering and Stationkeeping

The MA is used to move the towed vehicle from one trim
condition to another using a priori estimates of the steady-state
control deflections required to achieve a particular trim point.
We can write the total control surface deflection (either eleva-
tor or rudder) as

8c=0¢, + 6, (20)

where 6., is the component due to the SCAS, and 6, is the
component due to either MA or SKA. Tables of values for 6.,
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are assumed to be available for a given towed vehicle for the
particular flight speeds, tow system geometries, and tow air-
craft vortex fields of interest.

Once the MA has brought the vehicle near the new trim
position, the SKA maintains it near that position by using
a priori estimates of the tow cable angle ®;, measured at
the vehicle, and the two cable tension 7, measured at the
towing aircraft. The latter measurement is used to provide
indirect feedback of the angle ©1, as shown in Fig. 8.

The maneuver and stationkeeping algorithms accept current
time ¢, initial and final trim conditions (subscripts 1 and 2),
maneuver time #,,; delay time ¢,, and tow cable angle and
tension gains Ky, and K as inputs.

The input for a typical maneuver is a smooth deflection
command:

8oy = Va(B2—01) {1 —cos[m(t = 1)/tx]] + 81 @

Since the MA is basically open loop and time histories of ¢, 7,
N_, and N, are not known beforehand, during the maneuver,
the SCAS must not respond to long-term changes of the afore-
mentioned variables. Washout circuits were added to the basic
autopilot for this purpose. As the maneuver is finished, the
gains and/or sensed errors are phased in as the maneuver-
related transients in angular rates and accelerations subside.

40.0 T T —

t=10 sec.
30.0 - .

t=8 sec.

t=6 sec,
20.0 + .

N (m)

100 4
t=4 sec.

0.0

7 t=2 ie

t=0 sec.

~10.0 1 :
0.0 10.0 20.0 30.0

a) X,

0.0 T T * T F

-10.0 + 1

-20.0 | 3

~z,(m)

t=8, 10 sec.
-300 | J

t=6 sec.

t=2 sec. t=4 sec.

-40,0 4
t=0 sec.

-50.0 ¢ L L L
-10.0 00 10,0 200 30.0 40,0

b) , (m

Fig.9 Tow cable shape during maneuver: a) x4 y4-plane projec-
tion; b) y4z4-plane projection.

100.0 T — T T

CABLE AZIMUTH ANGLE (DEG)

20.0 1 1 1
0.0 5.0 10,0 16.0 20.0

TIME (SEC)

Fig. 10 Tow cable angle $7 during maneuver.

IV. Simulation and Results
Simulation Overview

A digital computer program was written (primarily by the
third author) to solve the nonlinear system equations and im-
plement the controllers and guidance algorithms. Note that the
terms ““cable’’ and ‘‘towline’’ are used synonymously. Either
linear or nonlinear aerodynamic models can be used. Two
integration routines, a standard fourth-order Runge-Kutta
(RK4) and an Euler, are included. The latter routine is used in
simulating a digital autopilot, if used. The simulation capabil-
ities include:

1) Options for computing

a) Steady-state cable configurations and target trim
states in
Uniform flowfield
Nonuniform flowfield
b) Dynamic behavior of deployed cable target system,
including
Response to perturbations
Response to control inputs
Controlled maneuvers of target
Maneuvers of tug aircraft
¢) Dynamic behavior of cable/target system during de-
ployment and retrieval of target
2) Stability augmentation can be investigated
3) Guidance (maneuver) laws can be tested

Results

Space limitations preclude the reproduction of results that
illustrate all of the simulation’s capabilties; thus, we have cho-
sen two cases that illustrate some of what can be simulated.
The pitch and yaw controllers described in Sec. III were used
to obtain the results for controlled motion given here. The roll
autopilot channel used did not include the compensator; i.e.,
we took G (s) = 1. The aerodynamic (linear model) and phys-
ical data used are those for the vehicle given in Sec. III and
those for the cable, which are listed as follows:

1) Cable diameter d., 0.0239 ft
2) Weight per unit length ¢, 0.04 Ib/ft
3) Crossflow drag coefficient

C.=1.17+M,/40 — M2 /4 + 5M. /8
4) Skin-friction drag coefficient

0.038 - 0.0425M,, M, <0.4
7rCf

~ 10.013 +0.0395 (M, —0.85?% M, =0.4
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Fig. 11 Towed vehicle angular rates during retrieval: a) pitch rate;
b) yaw rate.

5) M,, Mach number normal to the cable segment; M,
Mach number parallel to the cable segment.

Case 1: Maneuver out of the Vertical Plane

Case | illustrates the capability of the simulation and the
control and guidance algorithms to handle a lateral maneuver
of the vehicle from a point to the rear and beneath the tow
point P to a position 45 deg clockwise from that point as
viewed from behind the towing aircraft. Figures 9a and 9b
show the projections of the cable onto the xpyp and ypzp
planes during the 4-s maneuver, a 2-s settling period, and a 4-s
stationkeeping time. The cable azimuth angle &7 time history
is shown in Fig. 10. The desired final value of 45 deg was
reached to within +5 deg in ~12 s,

Case 2: Retrieval

Whereas the first case indicates the well-behaved motion of
the towed vehicle, this retrieval case shows that uncontrolled
motion of the vehicle may not be sufficiently stable when the
retrieval is stopped at a length of 0.6 m. Just before retrieval
began, the motion of the vehicle was slightly perturbed by
putting in a 0.1-rad/s yaw rate. Retrieval from 50 m to 0.6 m
took 8 s. The retrieval rate was of the following form:

(Fmax/2.)[1 = cos(xt/t)], 0=<t=<t

H<t<t,

Frn =< Fmaxs

(Fmax/2)[V—cOs m(t =t +11)/ty, 1<t

where Fp.c=24.05 m/s, ;=2 s, and ¢,=7 s. The simulation
continued for 7 s after the retrieval rate became 0. Figures 11a
and 11b show the time histories of vehicle pitch rate and
yaw rate, respectively, for SCAS off and SCAS on conditions.
Note that, with the SCAS off, the pitch rate amplitude of
the towed vehicle continuously increased after retrieval was
stopped at ¢t =8 s. A small pitch rate disturbance occurred at
t =7 s when the retrieval rate started to decrease. The yaw
rate amplitude exhibits a beat-type behavior. With the SCAS
on, the motion of the vehicle in pitch and yaw is stable in
an asymptotic sense. The cable configurations at various
times are shown in Fig. 12. At the end of retrieval the vehicle
swings back and forth somewhat. However, in an actual appli-
cation the vehicle would probably be captured in a cradling
mechanism.

V. Comparison with Experimental Results

To compare theoretical and experimental results as an addi-
tional check on the validity of our model, the third author
developed a version of the simulation that models the vehicle
with the tow cable connected at an arbitrary position rather
than at its center of mass. We used this more general simula-
tion to produce results for comparison with particular experi-
mental and theoretical lateral stability boundaries given in
Ref. 8. For this work we used n=5. The wind speed was

0.2 T T

0.0

t=12 sec.

-0.8

-x A(m)

Fig. 12 Tow cable shape during retrieval: x474 projection.
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Fig. 13 Lateral motion stability boundaries for a small tethered
wind-tunnel model.
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varied for a given cable length until a sustained, constant-
amplitude, lateral oscillation was achieved using the simula-
tion. Pairs of values of speed and cable length at which such
oscillations occur were used to define a stability boundary.
Figure 13 shows three types of results, the experimental and
theoretical results of Ref. 8 and our theoretical results. We
note that in this case the present simulation predicts the exper-
imentally determined stability boundary much more accurately
than the linear theory of Ref. 8.

VI. Conclusions

The problems of modeling the dynamics of a towed flight
vehicle system and of designing a system for automatically
controlling the vehicle’s motion have been addressed. A multi-
body model of the cable and towed vehicle has been developed
that includes provisions for arbitrary towing aircraft motion
and deployment, retrieval, maneuvering, and stationkeeping
of the towed vehicle. Classical control theory has been applied
to design a stability and control augmentation system. A ma-
neuver (guidance) autopilot and a stationkeeping autopilot
based on system geometry have also been developed. A digital
simulation program that incorporates all of the models has
been written and used to simulate the motion of a typical
maneuvering target. Sample results from the simulation have
been presented. These results include a comparison of a lateral
stability boundary obtained by using the simulation with one
determined experimentally. Very good agreement was
achieved. The simulation has been used in the successful devel-
opment of a maneuverable tow target.
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