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Singular Perturbation Techniques
for On-Line Optimal Flight-Path Control

Anthony J. Calise*
Drexel University, Philadelphia, Pa.

This paper presents a partial evaluation on the use of singular perturbation methods for developing computer
algorithms for on-line optimal control of aircraft. The evaluation is based on a study of the minimum time
intercept problem using F-4 aerodynamic and propulsion data as a base line. The extensions over previous work
on this subject are that aircraft turning dynamics (in addition to position and energy dynamics) are included in
the analysis, the algorithm is developed for a moving end point and is adaptive to unpredictable target
maneuvers, and short-range maneuvers that do not have a cruise leg are included. Particular attention is given to
identifying those quantities that can be precomputed and stored (as a function of aircraft total energy), thus
greatly reducing the on-board computational load. Numerical results are given that illustrate the nature of the
optimal intercept flight paths, and an estimate is given for the execution time and storage requirements of the

control algorithm.

Nomenclature
Cp =drag coefficient
Cpp =drag coefficient for « =0
C, =lift coefficient
Cr, =slope of lift coefficient curve, 1/rad

=drag, lb
D, =dragfor L=W, lb
E =total energy per unit weight, ft
E, =long-range cruise energy level, ft
E; = pseudo-cruise energy level, ft
G =load factor
=gravitational constant, ft/s?
H = Hamiltonian
h =altitude, ft
K =induced drag parameter
K, K,,K; =gains, /s
L =lift, Ib
L, =horizontal lift component, 1b
L, =vertical lift component, Ib
M =Mach number
m =mass, slug
P =energy state and co-state eigenvalues, 1/s
Pg =heading state and co-state eigenvalues, 1/s
q =dynamic pressure, 1b/ft?
R =range, ft
s =reference area, ft?
T =thrust, Ib
t =time
Lo =time-to-go, s
vV =velocity, ft/s
174 =weight, 1b
X,y =target-centered horizontal axes, ft
o =angle of attack, rad
B8 =heading, rad
Y = flight-path angle, rad
6(—) = perturbation associated with a particular
variable

€ =perturbation parameter
] =induced drag parameter

Presented as Paper 79-1620 at the AIAA Atmospheric Flight
Mechanics Conference, Boulder, Colo., Aug. 6-8, 1979; submitted
Nov. 16, 1979; revision received Dec. 17, 1980. Copyright ©
American Institute of Aeronautics and Astronautics, Inc., 1979. All
rights reserved.

*Associate Professor, Mechanical Engineering and Mechanics.
Member AIAA.

Ya =desired flight-path angle, rad
A =line-of-sight angle, rad

Ag =energy co-state, s/ft

A, = position co-states, s/ft

Ag =heading co-state, s/rad

W =bank angle, rad

o = air density, slug/ft3

T =stretched time scale, s
Subscripts

C =climb

D =descent
f = final

max =maximum

min =minimum

T =target

0 = outer solution variable or solution
1,2 =boundary-layer variables or solution
Superscripts

c =climb

d =descent

O) =nominal value

Introduction

N general, problems in aircraft optimal flight-path control

require the solution of nonlinear two-point boundary-value
problems. Many authors have used reduced-order modeling
techniques such as energy state approximations to circumvent
this difficulty.!* However, these solutions are restrictive in
that either turning or position dynamics are ignored,2* or
assumptions are made concerning the existence of a cruise
point as part of the optimal trajectory. ! Under varying sets
of assumptions, algorithms are developed that can be used for
on-line control.

It has been shown that singular perturbation methods are
useful for extending energy state modeling approaches to
more general problem formulations.’ These methods con-
stitute a reduced-order analysis approach where the system
dynamics are separated into slow and fast modes. This
permits the solution of high-order problems to be ap-
proximated by the solution of a series of lower-order
problems. This procedure has been applied to several
problems in flight mechanics %8 and has resulted in algorithms
that have a nonlinear feedback form. Assuming appropriate
measurements are available, these algorithms are useful for
on-board vehicle control.
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Fig. 1 Horizontal projection of the intercept geometry.

This paper investigates the use of singular perturbation
methods to develop a real-time algorithm for minimum-time
intercept. Emphasis is placed on deriving a solution in a form
that minimizes on-board computational requirements.

Problem Formulation

The equations of motion are written in a horizontal, target-
centered coordinate frame:

X = Vcosycosf y=VcosysinB — V cosyr )
E=(T-D)V/W B =Lsinu/mVcosy )
h=Vsiny 4= (Lcosu — Weosy) /mV Q)

The variables in Eqs. (1-3) are defined with the aid of Fig. 1,
where the subscript ““7°”is used to designate the target. These
equations are valid for a flat Earth, with thrust directed along
the flight-path and weight constant. Drag is assumed to have a
conventional parabolic form

D=qsCp=gs(Cp,+1C, a?) “
which can also be written as

D=gsCp+KL?/gs q="pV? &)

where

K=y/C,, L=gsC;=gs(C, a) 6)

The variable E is the total aircraft energy (kinetic and
potential) per unit weight

E=h+V?/2g (7

The control variables are aircraft lift, bank angle, and thrust.
The objective is to find the controls L, y, and T that minimize

J= g;f dr ®)

subject to the following state and control variable constraints:

L=WG,,, L=gs5C; 0 pax 9
Ton(BM)<T<T.,. (hM) (10)
G=q . M=M,_.. (h) an

where T, and T, are functions of aircraft altitude and
Mach. The boundary conditions are such that the initial
aircraft state is fully specified and we require

X(t) =y =0  h(t) =hs(1)) (12)

for intercept, where 4, (f;) is taken as a projected target
motion in altitude

hy(ty) =hp(0) + (Vysinyy)t; (13)

SINGULAR PERTURBATION TECHNIQUES FOR FLIGHT-PATH CONTROL 399

Singular Perturbation Analysis

In the analysis that follows, it is assumed that v and 4 are
small. Hence, we set

v=0 Leosp=W (14)

and adopt A as an additional control variable. The objective
here is to use singular perturbation methods to approximate
the open-loop optimal control solution with a near-optimal,
nonlinear control solution in feedback form. Toward this
end, the equations of motion in Egs. (1) and (2) are scaled by
powers of €:

x=Vcosp y="VsinB— ¥V cosy, (15)

eE=(T-D)V/W €28=L, /mV (16)
where L, =Lsinp. Here we seek to approximate the solution
for e=1.0 by an expansion about ¢=0, with the hope that
only zero-order terms are required. This ordering implies that
energy state dynamics are faster than position dynamics but
slower than heading dynamics. It is possible to relate the
parameter ¢ to physical parameters by appropriately nor-
malizing the equations of motion, and it can be shown that
this scaling is appropriate for sufficiently long-range
trajectories and for aircraft with moderate energy rate
dynamics. Physically, long-range trajectories imply the
existence of a near-constant altitude-constant velocity cruise
arc. Climbs and descents are viewed as boundary layer
transitions in energy that take place over narrow portions of
the trajectory close to the initial and final times. For moderate
energy rates, turning takes place at near-constant energy. The
Appendix further justifies this ordering.

Necessary Conditions

In addition to Eqgs. (15), (16) and the constraints in Egs. (9-
14), we have the following necessary conditions for op-
timality:

N\, =—03H/dx=0 N, =—0H/3y=0 (17)
eNp=—0H/JE e?Xg=—0H/3B (18)
L, T,h=arg{minH (x,\,pn) } 19
L,T,h

where the minimization in Eq. (19) is subject to the constants
in Egs. (9-11) and (14), x is the state vector, A the adjoint
vector, u the control vector, and

H=ATx+ I+ constraints =0 20)

The vector X represents the right-hand sides of Eqs. (15) and
(16).

Outer Solution

Taking the limit e—0 in Eqs. (16) and (18) we have the
following zero-order necessary conditions for the outer
solution:

T,=D, L, =0 @1

]
3H,/dE=0H,/d0h=0H,/38=0 22)

Hy=\ VcosB+N\, [ Vsing— V cosyy] + I +constraints =0
' (23)

We note from Eqgs. (22) and (23) that the original control
variables L and p have been replaced by the fast variables E
and 8. From Eq. (22) we have

dH,/88= —\, VsinB+ A, Vcos3=0 (24)
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or that
tanB=A, /A, 2%5)

Hence, the optimal intercept heading is constant, since from
Eq. (17) N\, and A, are constant. In order to satisfy the in-
tercept requirement, 3 must satisfy (see Fig. 1)

Vsin (8—N) = VcosyrcosA (26)

where A is the line-of-sight angle to the target aircraft.
Eliminating A, from Eq. (23) we have

Hj,=\_V/cosB—\ V cosyrtanB+ I + constraints =0 27

Since the constraint terms are always zero, we have from Eq.
(27) that
A, _ —1 .
cos@  V—V cosysing

0 28)

For intercept to occur, the denominator in Eq. (28) must be
positive, which justifies the inequality. Using this condition in
Eq. (27) and carrying out the minimization with respect to £
and & implied by Eq. (22), we have the following nonlinear
solution for the cruise conditions:

hy,Ey=arg{max (V— V cosy,sing) } 29)
hE

subject to the constraints in Eqs. (9-11) and (21). It can be
shown that Eq. (29) is equivalent to maximizing V subject to
the constraints. Thus, the outer solution is independent of
intercept geometry and target parameters and need not be
computed in flight. This fact is not evident from the solution
form given in Eq. (29), since V and 8 must be regarded as
functions of # and E due to the relations in Egs. (7) and (26).

Having determined the optimal cruise conditions (%, and
E,), the optimal cruise velocity V,, is computed from Eq. (7).
Next, the optimal cruise heading (3,) and the position ad-
joints are determined from Egs. (26) and (28). Note that these
variables are a function of intercept and target parameters;
hence, they must be computed on-line.

First Boundary-Layer Solution

Energy rate dynamics during climb and descent are
modeled by introducing the time transformation 7, =7/¢ and
again letting ¢—0 in Egs. (16) and (18). The necessary con-
ditions for the first boundary layer become:
L, =0 30)

n

3H,/3h=0  8H,/38=0  3H,/dT=0 31)

H,=\, VcosB+\, [VsinB—V cosyr]

+Ag(T—Dy)V/W+ 1+ constraints =0 (32)

where
Dy=qSCp, +KW?/qS (33)

Note that 8 dynamics are still taken as instantaneous. From
Egs. (31) and (32) we see that there are four unknowns
(1,8, T, \z) and four nonlinear equations that must be solved
simultaneously. Fortunately, the solution is straightforward.
First, we have

0H,;/33=—N,, VsinB+\, VcosB=0 34)

* By=tan~'N, /N, =8, 35)
Furthermore, since T appears linearly, we have that

T,=T.,. (hV) for Az <0 (36)

T,=T,, (h, V) for Ag>0 (37N
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which correspond to the climb and descent solutions,
respectively.

Singular arcs, along which Az =0 for a finite interval of
time, can be excluded by examining the first of Eqs. (18) for
H=H,inEq. (32).

d —g(\

4\, = 28 Qyreosy) (38)
dr, |4
&

The inequality in Eq. (38) follows from Eq. (28), where we
have noted that for intercept to be possible, we must have
(A, /c08B,) <O0.

The minimization with respect to /& is obtained by
recognizing that 0H,/0h =0 and H, =0 is equivalent to

[ =Ty —Dy)VIW
{=arg {mhm [ H, (E, ;Z’ ) ] } E=Ecyrrent (39

Tinax >0

for climb, and

hd=arg {min
h

Ecurrent (40)
in <D

[ ( Tm}nio_gf/: )V/ W] }E;

for descent. The term H,(E,k) in Egs. (39) and (40) is the
outer solution Hamiltonian evaluated at the current values of
E, h. These minimizations are subject to the constraints in
Egs. (9-11). Having computed 4;, T;, and 3,, the adjoint A,
is computed using Eq. (32)

Ne, == WH,(E,h;) 1V, (T;—Dy) (41)

Note that since H,(Eyh,) =0 is a minimum for H,,
H,(E,h) =0and

sign()\El )= —sign(T, —-D,) (42)

which explains the inequalities in Eqgs. (39) and (40).

The solution forms in Egs. (39) and (40) are dependent on
intercept and target parameters due to the presence of H,, in
the denominator. However, it can be shown that equivalent
forms for 45 and ~¢ are

— (T — D)V
hS :arg{min[—(u]}h& e 43)
A V- Vo TmaxL;DeO
T .. —Dy)V
h‘{:arg{min[M]}E:E ) (44)
h V- Vo Tminté"[r)j)

which are independent of geometry and target parameters.
This permits preflight calculation of climb and descent paths
as functions of energy state. Hence, only A, in Eq. (41) needs
to be calculated on-line.

Second Boundary-Layer Solution

Heading rate dynamics are modeled by introducing the time
transformation 7, =¢/¢? and letting e—~0in Eqgs. (16) and (18).
The necessary conditions for optimality become

0H,/0h=0

3H,/3T=0 3H,/3L,=0  (45)

H,=H,(EhB)+NL,/mV— >‘Ez VKLZ/qsW
+ constraints = 0 (46)

where H, is given in Eq. (32). Equations (45) and (46)
represent four nonlinear equations in four unknowns
(h,T,L,,Ng).

Assuming that all turning takes place near the initial time at
the start of climb, we have Ag, <0. Hence T, =T, (h,,V,),
where h, is the second boundary-layer solution for 4 and V, is
computed using Eq. (7) at the current energy level. Using Eq.
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(46) and the third variation in Eq. (45), we obtain

L,,=+~N—gsWH,(E,hB)/VK\g, (47)

Ns, =(VKL2, /qgsW~H,)mV/L, (48)

where sign(L,,) =sign(8,—B) . The value of /# and V' needed
in Egs. (47) and (48) is computed using Eq. (41), the first
variation in Eq. (45), and the fact that sign(Ag,) =sign(L,,),
which is evident from Eq. (48). These conditions reduce to

A { . —IL,/mV }
2 U H (B ) — Ny KLZVgsW ) E-Eauren (49)
=Beurrent
subject to the constraints in Eqgs. (9-11).

It is important to note that the forms in Eqgs. (43),(44) and
(49) avoid having to take partial derivatives with respect to A.
Also, Eq. (49) is the only numerical search that needs to be
performed on-line. The solution for optimal lift in Eq. (47) is
analytic. All second boundary-layer calculations must be
performed on-line.

During descent, we set h,=h¢(E) and use a simple
proportional navigation control law to insure intercept in the
horizontal plane.

Altitude and Flight-Path Angle Dynamics

Altitude and flight-path dynamics were ignored in the
above analysis. As a result, it is necessary to construct
feedback control solutions based on the optimality conditions
obtained thus far. From the second boundary-layer analysis,
we have the component of lift in the horizontal plane (L,,),
the thrust (7,), which is T, during ascent and T, ;, during
descent, and the desired altitude (4,). Hence, we need only
construct the component of lift in the vertical plane (L. ).
This will be done such that the aircraft follows 4, in a
reasonable manner.

We first define a desired flight-path angle

K, (h,—h) Edh,/dE
Ya= % v,

(50)

The second term in Eq. (50) is based on the # equation (3) and
the fact that /#, changes as a function £

hy _ pdhi/dE
v Z

Il

¥, (1)

where dh,/dE is the slope of the optimum climb and descent
paths. Then L, is computed based on the 4 equation (3) and a
desired flight-path angle rate proportional to (y,—7)

Ya=K;(vs—7v)=(L,— Wcosy)/mV (52)
Solving for L we have
L7=K2mV(yd—7) + Wcosy (53)
The controls L and y are then computed as

— —1 72 2
p=tan~'(L,,/L,) L=12+L}, (59
The constants K, and K, are chosen to yield a reasonable
response time without excessive lift that would result in ex-
cessive drag.

Range Matching

It is necessary to determine the point in a trajectory where
descent should be initiated in order to arrive at the target
altitude when the coordinates in the horizontal plane are
driven to zero. This necessitates calculation and storage of
descent range and time as a function of energy. For long-
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range missions that contain a cruise arc, the starting energy
for descent is E,. Descent range and time are given by

R E dE
SLEE = S @ (55)

E

0

where
Rp=V,(E)cosy, (E) (56)

T . dhd/dEYE(E
V[(E)=m*h7)2g ‘Y,(E)ZSIH'I[(—I%]
BT

In general, the final energy, £/, is not know a priori and must
be determined such that h(¢;) =h7(f;). Hence, we must
satisfy

hi(Ef) =hp+ (Vysinyr)ip (E) (58)

at the start of descent. A numerical search is required to find
E, that satisfies Eq. (58). Descent is initiated based on a
range-to-go criterion calculated using the current cruise
heading and line-of-sight angle. Referring to Fig. 1, we
initiate descent when the inequality

Rp (Ef)cos(By—N) >R+ (Vycosyrsink) *t5, (Ey) (59)

is met, where R is current range in the horizontal plane.

In the event that the inequality in Eq. (59) is met before
reaching the cruise energy level (e.g., at the start of the
trajectory), then it is necessary to constrain E, in the outer
solution such that the climb range plus the descent range
equals the range to intercept.® Hence, ‘‘pseudo-cruise’”
energy levels (Ej) are defined, each having a separate climb
path defined by Eq. (43). The descent paths are all identically
the same and need not be recomputed. The value E} is defined
by the equality

[Rc(E,Eq) +Rp(EnER) 1cos(By—N)
=R+ (Vcosy sink\) ty, (60)

where

tyo =l (EEG) +1p(Ef) ~1p (EF) (61)

It is also necessary to modify Eq. (58) in order to predict the
intercept energy

R4 (E;) =hy+ (Vysiny )ty (62)

Thus, range matching in the short-range case requires storage
of climb distances and times for a family of climb paths
corresponding to a range of pseudo-cruise energy levels, the
uppermost one corresponding to the unconstrained optimal
cruise energy E,,.

Thrust and Lift Control During Descent

Ideally, there should not be a significant amount of
maneuvering during descent. However, there is an appreciable
amount of turning due to two factors. Since the aircraft
velocity varies during descent and the flight-path angle is
nonzero, the intercept heading changes from the optimal
cruise value. Hence, it is necessary to update the intercept
heading during descent. The second factor is due to target
maneuvers which occur after descent initiation.

In order to insure intercept, it is necessary to modulate both
thrust and the L, component of lift during descent. In the case
of L,, since Nz, >0 during descent, maximum lift should be
employed to maintain intercept heading (note that the
quantity under the radical in Eq. (47) becomes negative).
However, to avoid oscillations, a proportional control law
should be employed when the heading error is small.
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Thrust modulations are used to control rate of descent so
that the range matching condition is satisfied. Two correction
terms are introduced.

T=T,, +6T, +6T, (63)

The first term corrects for the fact that L does not equal W

during descent, which is assumed in the R, and 7, tables.
Thus, 87, compensates for the increase in drag due to L> W

8T, =K(L?—W?)/qs (64)

The second component compensates for the current
mismatch (6R) in range, where from Eq. (59)

OR=R+ (Vycosyrsin\)t,, — R (E,Ef)cos(Bo—)\) (65)

where
Rp(EE;) =R, (E;) —Rp(E) Ly =tp(Ef) —tp (E) (66)

A proportional control law was derived by defining

A.J. CALISE
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Noting that
8R=(dR/dE)cos(B8,—N)OE SE=8T,V/W (68)
we can solve for 67, as
WOR
(69)

8T, =
27 Veos(B9—N)dR,/dE

Summary of Control Calculations

A summary of the control calculations is presented in Fig.
2. All on-line calculations are referenced by equation num-
bers. The purpose of the range matching block is to establish
the proper pseudo-cruise point (A},E}), which may be the
optimal cruise for long-range missions. During climb, the co-
states are calculated on-line and /¢ is available from the climb
table corresponding to the cruise energy Ej. All turn
parameters must be calculated on-line. During descent, 79 is
taken from the descent table (which is independent of E}),

8R=—K;5R ©7) and thrust and lift are computed as described above.
GEOMETRY AND
TARGET PARAMETERS
*
E, E., E
; RANCE £ o CLIMB
———®»  MATCHING R AND
LC'RD’CC’tD DES
(72-74) CENT
+ % TABLES
ho’Eo’Bo
0y
DESCENT
INITTATION ?
NO YES
v
T=T T=T ;FT + 8T,
Fig. 2 Summary of control calculations.
CLIMB AND
E CRUISE
™ carcuraTIons DESCENT
(33), (36), (49) Es6=W caLcuLaTIons
C
Ax s )\y , )‘E s hl(E)
[s] (o] 1 d
h2 = hl(E)
TURN
B CALCULATIONS -
L = mVK_ (8 -
M Gey, 68 n, T OV (678)
, L
h2 n,
FINAL CONTROL
h,'] NT TEST Lo,T
—® CALCULATIONS LIFT
(59-64) LIMITS
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Numerical Results

The aircraft simulated in this study is an early version of the
F-4 used by Bryson et al.! as airplane 1. The computer used in
this numerical study is an IBM 370/168. This machine has a
32-bit word size, a basic machine cycle time of 8 ns and
performs 3 X 10° floating point operations per second. Main
storage access time averages 480 ns. With this machine, the
control computations occupied approximately 3% of the
trajectory time using a control update rate of 0.5 s, and 43,721
bytes in core.

The aircraft flight envelope is shown in Fig. 3. The up-
permost line corresponds to the conditions gsC, . = W. The
shaded area is a region of negative energy rate. The Mach
limit is a scheduled function of altitude up to A =38,000 ft.
Above this altitude, M, =2. The dynamic pressure limit
does not play a role in this case and G, =4.0, o, =12 deg.
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Fig. 6 Altitude profiles for cases I, II, and IIL.
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Fig.7 Altitude profiles for case I for several values of initial range.

The bold line corresponds to 2§ (E) for the long-range case.
It is evident that, due to the M, constraint its invariancy at
high altitudes, the optimal cruise point is nonunique. Note
that V. remains constant within 12,000 ft of the aircraft’s
operating ceiling. The optimum descent path lies directly
along the Mach limit in this case. In this study, the long-range
cruise point was taken at 42,000 ft to avoid an unnecessary
climb and descent in the region above this altitude.

The optimal climb paths to several pseudo-cruise energy
levels are shown in Fig. 4. It is evident that in all cases there is
an interval of ‘“‘ripples’’ in the altitude schedule for climb,
although little change occurs in the average altitude in this
region. This region is due to the fact that the function in Eq.
(43) has a flat minimum with respect to 4 over the range
35,000< E < 50,000 ft. Thus, optimality is insensitive to the
value of A§ selected in this region. This phenomenon had
negligible effect on the trajectories and flight times, but did
have an observable effect on lift and bank angle histories.

Figure 5 shows the horizontal plane projection of three
profiles generated using the point mass equations of motion in
Eqs. (1-3). In all cases, the target altitude and velocity are
constant at 3 x 10 ft and 1200 ft/s, respectively. The starting
altitude and velocity for the controlled aircraft are 10,420 ft
and 863 ft/s, and the initial heading is along the x axis.t The
target trajectory is shown dashed. Note that it is impossible to
discern the initial turn to the intercept path on this scale,
which graphically illustrates the speed of turning dynamics in

+Note that the coordinate frame here is inertially fixed and does not
correspond in that of Fig. 1.
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relation to energy and relative position dynamics. The points
labeled A and B correspond to the start and end of cruise.

The corresponding altitude profiles are shown in Fig. 6.
Note that in cases I-III, the optimal cruise altitude of 42,000 ft
was reached. Hence, in these cases, #$ (E) corresponding to
E,=100,000 ft was used. The varying altitude profiles are due
to the different amount of turning required in each case.

Figure 7 shows the effect that changing the initial range
(R,) has on the altitude profile for case I. For shorter initial
ranges, the optimal profiles do not attain the long-range
cruise energy level. Figure 8 shows the same effect for case 111
brought about by changing the x coordinate of initial target
position. Figure 9 illustrates an initial transition to the op-
timal climb path. This case was generated by taking the
conditions of case I at 87.0 s and moving the aircraft altitude
to 40,000 ft, holding total energy constant. This transition
illustrates the effectiveness of the suboptimal control law in
Eq. (53) in attaining the desired altitude and flight-path angle.

Concluding Remarks
It has been demonstrated that singular perturbation
methods are an effective tool for developing computer
algorithms for on-line optimal aircraft controls. The com-
putation time and storage requirements are well within the
capabilities of present-day flight computers. This evaluation
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is based on a minimum time intercept problem. Extensions to
other performance indices and other forms of terminal
constraints should be possible. Extensions of the analysis on
the current problem should include optimization of altitude
and flight-path dynamics, modeling aircraft weight
variations, and correction of the solutions to first order in
energy. In particular, the optimal cruise heading should be
corrected for velocity and flight-path angle variations that
take place during descent.

The assumptions regarding the separation and ordering of
times scales made in this paper impose restrictions on the
range of applicability of the resulting solutions. Although this
is difficult to quantify, the following comments are offered:

1) The range to intercept must be sufficiently large so that
the optimal profiles are characterized by climbs and descents,
with the addition of a cruise leg in the long-range case. If the
heading error is zero, any range greater than the range used in
descending to the target altitude from the current energy is
permissible. Shorter ranges will result in the need for a zoom
dive.

2) The target altitude at intercept is assumed to be less than
the altitude in the descent table corresponding to the cruise
energy selected by the range matching logic. Higher-altitude
targets can be accommodated by ending the climb with a
zoom transition.

3) At short ranges and large heading errors, the energy rate
and heading rate dynamics become highly coupled, especially
in the case of a maneuvering target. When the optimal pursuit
path is dominated by turning, then the ordering of energy rate
and turn rate dynamics should be reversed.

Appendix: Ordering of Energy and
Heading Dynamics

This appendix provides further justification for the or-
dering selected for energy and heading dynamics. In par-
ticular, the ordering here is the reverse of that taken in several
earlier papers 2%’ and some resolution is in order.

Of interest are the eigenvalues associated with a linearized
boundary-value problem in which £ and 8 dynamics are taken
on the same time scale. In this case, the necessary conditions
during climb are

H=)\XO VcosB+)\y0 (VsinB— V cosyr)
FAe (T —D)YV/W+ N L, /mV + 1 +constraints =0 (Al)

where N,, N\, V,, and 3, are determined by Eqs. (26-29).
The remaining necessary conditions aref

E' =(T—D)YV/W  Ng=—-0H,/3E (A2)
B'=L,/mV Ay=—0H /38 (A3)
dH/0h=0 dH/3L, =0 (A4)
where for
D=D,+KLZ2/gs (A5)
the second of Eqs. (A4) gives
L, = (psg/4KNg)Ng (A6)

Consider an expansion of the above conditions about the
optimal climb solution for §=,, where we also have

Ae=Ag, (E) Rs=0 h=h,(E)
_ . _ (A7)
E'=E,(E) L =0

n

3H,/3h=0

1The prime in Egs. (A2) and (A3) denotes d/d7;.
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Table1 Comparison of eigenvalues during climb for case 1

Energy level, ft Pg, /s Py, 175
22,000 +0.0200 +0.317
40,000 +0.0186 +0.178
60,000 +0.00230 +0.164
80,000 +0.00900 +0.152
98,000 +0.00115 +0.763

100,000 02 o0 ?

2For the F-4, BEI /aE:)\El =0in cruise due to the Mach limit.

In Eq. (47), all the nominal values are those associated with
the first boundary-layer analysis of this paper. The linearized
dynamics resulting from Eqs. (A2-A6) are

8E’ = (OE' /OE)SE+ (3E' /0h)8h= (DE,/E)SE (A8a)

ONgp = — (6E,/3E)6X5+f(E,}f)5E (A8b)
o8’ = (psg/)\EIKm V) oNg (A9a)
ONg= (N, /cosBy) V80 (A9b)

where we have eliminated 64 using the first of Egs. (A4). The
function f(E, k) is, in general, complicated to evaluate, but
does not affect the eigenvalues of Eqs. (A8). Note that Egs.
(A8) and (A9) are decoupled. The eigenvalues of Egs. (A8) are

P, =+ (0E,/dE) (A10)

and for Egs. (A9) we have

Py =%V (\,,/cosB,) psg/Ng, Km (All)

where A, /cosB, and Ag, are computed using Eqgs. (28) and
(41), and both are negative. In the case where relative position
dynamics are ignored,>*> we have that A\, =0 and E is
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selected as the faster variable. However, in this case, 8 is
clearly the faster variable, as is evidenced by the numerical
values of P, and P, for the F-4 given in Table 1, for case I of
the section on Numerical Results.
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