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Abstract 
Current concepts for 4-dimensional (4D) time-based air 

traffic control automation systems are generally designed to 
control aircraft so that they cross a h a l  control waypoint at a 
scheduled time, but the trajectory between the initial waypoint 
and the control waypoint is not explicitly specified. Instead of 
this type of single-point 4D control, it may be advantageous to 
use closed-loop control to reference 4D trajectories. The 
design of a compensator to help air tr&c controllers and pilots 
accurately and efficiently control aircraft to buffered 4D refer- 
ence trajectories is presented in this paper. The main technical 
challenge is to develop a control algorithm that efficiently 
achieves 4D control for aircraft while maintaining acceptable 
air traffic controller workload levels. The approach is to soften 
4D trajectory clearances by allowing aircraft to be within a 
well-dehed error buffer region around the trajectory and to try 
and synchronize advisory updates with the reference trajectory 
advisories such that the aircraft remains within the buffer. A 
bias estimator is used to remove steady-state errors. The con- 
trol algorithms are developed and a simple example of a 4D 
control scenario is presented. 

Introduction 
The aim of the present work is to describe a method for 

controlling non-4D-quipped aircraft to within specified error 
tolerances of reference 4D trajectories for use in air traffic con- 
trol (MC) automation systems. A non-4D-equipped aircraft is 
one that does not have onboard automation capabilities for 
closed-loop control to a reference 4D trajectory (3-dimen- 
sional position vs. time). Since the control loop must be closed 
through the communication of the pilot and air traffic control- 
ler, either by voice communication or by monitoring 
data-linked advisories, a requirement of any 4D control algo- 
rithm is that the number of control advisories be held to a rea- 
sonable level. Some background on the current state of 
time-based air traffic control automation will now be given. 

Time-based ATC automation systems generally only 
require that an aircraft meet a time at a single control waypoint 
while some depend upon closed loop control to reference 4D 
trajectories. Algorithms for installation in onboard Flight Man- 
agement Systems (FMS) have been developed which can pro- 

vide accurate 4D control based upon well-known optimal 
control formulations [1,21, but a practical air tr& manage- 
ment system must also handle non-4D-equipped aircraft, at 
least for the foreseeable future [31. This may be accomplished 
either by providing larger separation buffers for 
non-4D-equipped aircraft, or by providing automation tools to 
enable air traffic controllers to enhance the performance of 
non-4D-equipped aircraft. 

The basic approach that has been taken for time-based 
ATC automation has been to use high-fidelity trajectory pre- 
diction software to compute aircraft trajectories which meet 
crossing restrictions at a final control waypoint, including a 
scheduled lime of arrival (STA). Trajectory solutions are iter- 
ated upon until a trajectory is found that meets the crossing 
restrictions, and the resulting control commands for that trajec- 
tory (headings, top-of-descent points, segment airspeeds) are 
then displayed for the air traffic controller to issue to the pilots. 
Time-based air trdfic control automation systems such as 
CTAS (Center-TRACON Automation System) [51, TIMER 
(Traffic Intelligence for the Management of Efficient Run- 
way-scheduling) [61, and similar systems developed in Europe 
17.81 have provided 4D guidance capabilities for 
non4D-equipped aircraft by using this method and have dem- 
onstrated arrival time accuracies of about 220 seconds for 
delivery of aircraft from the end of the cruise segment of flight 
to metering fixes at the entrance to the Terminal Radar 
Approach Control (TRACON) area 151. Since this method only 
seeks to achieve an arrival time at a final waypoint, conflict 
prediction and resolution functions must continually be per- 
formed on the resulting trajectories to ensure that conflicts 
between aircraft do not occur. This type of 4D control is 
closed-loop with regard to the end-point arrival time because 
new trajectory advisories are continually being generated as 
the aircraft executes a trajectory and encmnters perturbations 
(primarily atmospheric). Depending upon atmospheric condi- 
tions and other flight parameters, however, aircraft may get 
into situations in which the STA becomes impractical and inef- 
ficient so that some aircraft must be rescheduled and assigned 
new arrival times. 

The rescheduling of aircraft is certainly feasible, but it is 
undesirable for a system that must operate with both 
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4D-equipped and non-4D-equipped aircraft because much of 
the benefit of using on board 4D guidance equipment is lost if 
rescheduling is required. In addition, the continuous resched- 
uling of aircraft and the required c d i c t  prediction and reso- 
lution functions are difficult tasks for the ground-based 
automation system to perform. For these reasons, it may be 
beneficial to develop algorithms that can regulate 
non-4D-equipped aircraft to within some specified tolerance of 
a 4D reference trajectory. This type of control to reference 4D 
trajectories will be called 4D reference control as opposed to 
the 4D STA control discussed previously. If 4D reference con- 
trol is used, all confiict resolution tasks may be performed as a 
one-time strategic planning task, perhaps as part of a global 
optimization scheme so that no additional conflict resolution or 
rescheduling would be required. 

Two approaches have been taken in the past towards 
developing this type of 4D control. A manual approach has 
been devised for systems in which a mix of 4D-equipped and 
unequipped aircraft operate together where the air traffic con- 
trollers use the 4D aircraft as guideposts to help vector the 
unequipped aircraft C31. Simulations of this approach sug- 
gested that computer generated advisories might be necessary 
to improve the performance of the non-4D-equipped aircraft so 
that airport capacity and controller workload are not adversely 
affected. The second approach is a modification of 4D STA 
control where the problem is formulated as a discrete nonlinear 
optimal control problem so that the optimal reference trajecto- 
ries that are generated are flown by having the air traffic con- 
troller (presumably through pilot/controller monitored 
data-link) issue regular discrete-time commands to each air- 
craft [9]. At the proposed sample rate of one command per air- 
craft each 30 seconds or so, the workload would certainly 
overwhelm both the pilots and air traffic controllers. The prob- 
lem with a discrete-time formulation is that control commands 
are generated at fixed intervals whether they are needed or not. 
This f m s  an unnecessary trade-& to be made between sys- 
tem performance/stability and pilot/controller workload. 

This paper presents a method for generating control advi- 
sories only when they are needed. In the proposed scheme, the 
4D reference trajectory is computed as accurately as possible 
using current state-of-the-art trajectory generators, and then 
the purpose of the control system is to keep the aircraft to 
within some specified tolerance of the reference trajectory. 
Closed-loop control is achieved by using the predicted control 
advisories as feed-forward commands and then relying on 
feedback to close the 4D umtrol loop and remove the effects 
of mcdelig uncertainties and system perturbations. 

Problem Definition 
In this preliminary treatment, the aircraft is assumed to be 

under closed-loop control in airspeed and in the three spatial 
dimensions, either by a 3D-equipped FMS and autopilot, or 
manually, so that the control problem is effectively reduced to 
one spatial dimension (along-track). Manual control may not 
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be as precise as FMS control so that one might expect larger 
and more frequent speed control advisories to be issued to 
manually controlled aircraft, but the control principles that will 
be described are the same in any case. The dynamic modeling 
of the system, including the feed-forward linearization. will 
now be presented. 

Referring to the 4D guidance speed control diagram (Fig. 

Figure 1. Block diagram of 4D guidance speed-control loop 
for non-4D FMS-equipped aircraft. 

1). the modeled along-track wind speed (uw,) is input to the 
Trajectory Generatar function (Fig. 2) which uses the madeled 

- - - - - - - - - - - - - -  r Trajectory Generator Model Aircraft 1 
FMS &’ F . c u 3  - 1 Aiitc 

I I 7  r 

I 

U. 

Figure 2. Block diagram of the Trajectory Generator 
function. 

winds, aircraft dynamic model, and trajectory profile (route, 
airspeed, altitude constraints) to generate an accurate 4D am- 
mand trajectory. The command trajectory consists of the pre- 
dicted along-track measured position (%=), the along-track 

measured ground-speed (P,, ), and the corresponding control 
advisory airspeeds (U,-- 1. The Trajectory Generator functions 
may be performed either by the air-based or ground-based sys- 
tem, or by a combination of both such that the resulting trajec- 
tory is preference-optimal in some sense (fuel or arrival time. 
for instance) and is also conflict free [1,21. In a typical elec- 
tro-mechanical system, if the reference trajectory represents 
the real trajectory closely enough to keep the trajectory error in 
a linear region, then linear control design techniques may be 
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successfully employed. In this case, howwex, the control actu- 
ation is performed thr~ugh comtnuncation between the air 
tr&c controller and the pilot so that it is m m  critical that a 
very accurate and realistic trajectory generator be employed. 

wkre in this case, the perturbation output vector is defined as 

(6) 

The referem trajectoly created by the Trajectory Gener- 
ator (Fig. 2) may be written in terms of the modeled system 
dvnamics as and Eh is a vector representing the modeling errors and higher 

order series expansion terms. 
i r  = y(kp [~=(ufr> + U,,]) (1) 

where X, is the reference state vector. u f f  is the reference air- 
speed input, U,, is the along-track wind speed from the strate- 

gic wind model, y,(u,,) is a function representing the model 

functionrep~sentingthemodeldthedynamicSdtbe~~. 
pilot and human N C  systems. Similarly, the actual aircraft, 
pilot and human N C  dynamics (Fig- 1) may be written as 

d the ATC and pilot dynamics, and y(Xrl [ y , (Ujy )  + UwsD is a 

The next step is to make the appropriate feedback connec- 
tions (Fig. 1). The estimated aircraft along-track position and 
ground speed are fed back and subtracted from the refexence 
inputs from the Trajectory Generator, and the estimated 
along-track wind speed, G,, , is fed back and subtracted from 
the strategic model of the wind speed, U,, to achieve bias error 
cancellation. With these connections, the command airspeed, 
U,, is given by 

U, ~ ( - 3 e j  - Q g e j  [uff - (7) 

i = g(X1 [g,(u,) + U,]) (2) 

where x is the state vector, U, is the airspeed command, U, is 

the actual N C  and pilot dynamics, and g(X, [y,(u,) + U,]) is 

where the function K( ) represents the compensator. Since 
uff is the refexence airspeed command, the compensator will 

be designed such that uff is generally just fed straight through 

approximated by 
the d~ng-track wind speed* g , (UJ  is a functian modification or time &lay so that m. (7) may be well 

the function representing the true system dynamics of the air- 
craft. FMS and autmilot. 

where AX 
is a vector consisting of the higher order terms of the expan- 
sion. 

R - X, , AU g,(U,) - ~, (Ufr> + U, - U,# 9 and E U, = ;,,+E, (10) 

so that f,, may be written as 

(1 1) G,, = U, - U,, - E, = 6u, - E ,  

Substituting E q s .  (9) through (11) into the previously Sub&acting €Q. (1) from Eq. (3) the following h- 
earized equations for the state vector perturbations 

given expression for Au then gives 

A i  = @]AX + E]& + Z8 (4) AU = g,(K<-ies -Qge, [- 6uW + %I)) + 6uw + E, (12) 

where E, is the controlledpilot modeling error and is given by 

(13) 
The perturbation equations of motion are now obtained by 

substituting Eq. (12) into Eq. (4). The block diagram represen- 
tation of the perturbation equations (Fig. 3) shows how the 
umtrol system is a simple regulator driven solely by the vari- 
ous disturbances and the strategic wind error, 6u,. Since the 
ATC and pilot blocks have unity gain (they are modeled as pure 

where Eg is a vector representing the higher order expansion 
terms. E, = g,(uff) -Y,(U,) 

Following a similar procedure, the perturbation sensor 
output equations catl be written as 

Ai7 = ElAX + E ] A u  + r & - U ,  + (5) 
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coincident with the strategic advisories, will keep the aircraft 
within the error buf€er. 

In addition to the feedforward commands, the output of 
the compensator must either be set and held to -6uw at time 
t = T (aircraft is within error buffer so that only bias cancel- 
lation is needed) or must be set and held to the sum of a com- 
puted advisory and the wind error for bias cancellation as 
shown here 

Figure 3. Block diagram of perturbation equations for 4D 
guidance speed-control loop. 

time delay), and since the compensator will operate on the 
wind error with unity gain, the strategic wind error will 
approximately cancel so that this source of bias error can be 
removed. 

It is possible in this case to develop a very simple and 
accurate dynamic model for this system so that phase-plane 
techniques may be used for the design of the compensator. 
When under the control of a pilot or an autopilot, the aircraft 
ground speed response may be well modeled as a iirst-order 
lag. With the assumption that the sensor and estimator dynam- 
ics have higher time constants than that of the aircraft, the 
transfer functions for 2, and Pg, representing the linearized 
system dynamics of Eqs. (4) & (5) may be approximated by 

where Au, 3 U, - CL,. 

As previously mentioned, the ATC and pilot functions 
may be modeled as pure time delays, and these delays will be 
directly accounted for within the compensator. 

Compensator Design 
The feedforward advisories computed by the Trajectory 

Generator must be issued to keep the aircraft along the com- 
manded reference trajectory, so these will be issued indepen- 
dently of any tactical advisories that become necessary due to 
the various perturbations. The primary means for minimizing 
the number of tactical control advisories is to try and synchro- 
nize them with the feedforward advisories in such a way that 
the aircraft will remain within some specified error buffer of 
the reference trajectory. The size of the error buffers may be 
determined based upon the variances of the trajectory pertur- 
bations so that a good balance is achieved between system per- 
formance and pilot/cmtroller workload. In this case, system 
performance is to be measured in terms of achievable mini- 
mum aircraft spacing. The approach to designing the compen- 
sator is to determine analytical expressions describing the 
perturbation phase plane trajectories so that these expressions 
may be used to define limiting regions in the phase plane and 
so that tactical advisories may be computed that, when issued 

K(-f,, -vge, -624,) = (15) 

-6Uw bias cancellation 
f(-a,, -vge, T) - 6uW bias cancel. & advisory 

where f(-~,, -Pg,, T) is a tactical clearance that is computed 
by the compensator independently of the bias cancellation 
clearance, 6uw. 

From Eq. (14), the differential equation governing the 
plant dynamics may be written as 

Where 

Note that the p;TC/pilot function, g,( ) , has been left out of 
Q. (17) at this time. As noted earlier, this function is modeled 
as a pure time delay, and this will later be explicitly accounted 
for within the compensator logic. 

For convenience, the units of time may be normalized with 
the following definition 

0 = a . t  (18) 
so that Eq. (16) may be written as 

where 

(19) 

(20) 

and 

(21) 

From Eqs. (15). (17). and (20), A is given by the follow- 

dx x=Ae andy=- de  

ing expressions 
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n where 

(23) 

For phase plane analysis, Eq. (19) may be solved in terms 
af x and y for the cases where A is either zero or nonzero. 
The case where A is zero simply leads to 

1 
a &(e) = - . [ ~ u , ( T )  - s~,(e)l 

(Y - Y o )  = - ( x - x o )  (24) 
which defines a family of linear characteristics which end on 
the x-axis (Fig. 4). The nonzero case leads to 

A = O  A = i0.l 

-2 -1 0 1 2 
Y 

1 

Figure 4. Characteristics of 2. y + y = -A for A = 0 

and A = f O . l  
dx 

(x- xo) = - [ (Y - Yo) - (25) 

The characteristics for this case asymptotically approach lines 
of y = -x away from the x -axis, but then approach lines of 
constant y at a value of y equal to the ground speed error so 
that the phase trajectories will come in from the far regions of 
the phase plane to follow a line of constant y parallel to the 
x -axis off towards infinity (Fig. 4). 

The error buBers may be plotted in the phase plane to 
study haw the logic in the nonlinear function will have to work 
in order to minimize the number of control advisories while 
keeping the aircraft within the buffer (Fig. 5).  The error buffer 
which the aircraft must physically stay within will be called the 
Absolute &or Buffer (AEB) and is represented by the region 
between two vertical lines on the phase plane. Depending upon 
the nature of the error buffer that is used, the AEB may or may 
not be centered about the origin, and the position of the AEB 
may or may not vary with time. Control advisories must be 
issued before the AEB is reached because if Control advisories 
are not issued until the AEB is reached, then the control advi- 
sory communication delay might cause the aircraft to drift 
beyond the buffer before control action can be taken. The 
region in the phase plane which defines the limits of where 
control advisories must be issued will be referred to as the 
Control Error Buffer (CEB). The CEB is a dynamically 
defined region which depends upon where the aircraft is in the 
phase plane, the particular characteristic being followed, and 

\ 

Figure 5. Five regions of the phase plane represenhg the 
system - dy . y + y = 0 and idealized representations of 
the three &tor ~ e r s .  

the amount of time before the next strategic advisory is sched- 
uled. Within the CEB is another region called the Transfer 
Error Buffer W) which is the limit of where Control advise 
ries must be executed (not just issued) in order to take the air- 
craft to the desired final trajectory. These buffer regions will 
now be explored in greater detail. 

For the case where A = 0 .  five regions may be identified 
(Fig. 5).  In region 1, no control advisories are required since 
the aircraft starts inside the AEB and will reach a steady-state 
that will be inside the error buffer for all time. In region 2, the 
aircraft starts outside of the AEB but will end up inside of the 
AEB in a bite amount of time and will remain there in the 
steady state so that one might decide not to issue any control 
advisories. In region 3, the aircraft begins within the AEB but 
will drift outside of the AEB in a finite amount of time into 
region 5 and wilI remain outside of the AEB in the steady state. 
Dependhg upon the situation, one may or may not decide to 
issue an advisory from region 3. In region 4, the aircraft starts 
outside the AEB but will enter region 3, and region 5 has the 
aircraft outside of the AEB for all time. 

For the case where A is nonzero, such as when a tactical 
advisory is in effect or there is an error between the previous 
bias cancellation advisory and the current wind bias, the char- 
acteristics all asymptotically approach lines of constant, non- 
zero AVg . Since the aircraft will ulthately end up outside of 
the AEB for the nonzero A case, there are no regions compa- 
rable to regions 1 and 2 af the A = 0 case. 
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The important cases to treat here are when the aircraft 
starts within region 3 for A = 0 or within regions 3 or 4 for 
nonzero A .  Since this control system is being developed to 
keep the aircraft within the AEB, the aircraft should not be 
allowed to venture far into region 5. If the aircraft were to end 
up in this region, some form of renegotiation of the strategic 
trajectory clearance or a special tactical advisory would be 
required to bring the aircraft into region 1 or 3. Similarly, the 
aircraft should not be allowed to venture far into region 2, but 
for small incursions into this region, the A = 0 trajectories 
would automatically bring the aircraft into region 1 so that no 
special treatment is required. For small incursions into region 
4, the aircraft also will automatically enter region 3 so that no 
special treatment is required here either. 

For the two regions within the AEB, regions 1 and 3, we 
may now calculate the CEB limits. The goal of the following 
calculations is to determine the limiting regions of the phase 
plane where it is still possible to wait for the next strategic 
advisory before issuing a tactical advisory and still remain 
within the AEB. This problem is most easily worked back- 
wards from the desired 6nal trajectory. The desire is to end up 
on a A = 0 trajectory that will take the aircraft to a steady 
state within region 1 defined by 

where b is ideally set to zero so that the final trajectory will 
take the aircraft back to the center of the AEB. However, a less 
restrictive CEB may be defined using b = fxA, because this 
defines the limit of where a A = 0 trajectory will remain 
within region 1. The constraint that the trajectory must not 
breach the AEB in the process of arriving at the final trajectory 
will also be used to obtain an analytical expression for the 
CEB. Finally, the communication delay will be accounted for 
to define the true limits of the CEB. 

A set of equations may be solved for the initial coordinates 
of a trajectory that begins at the time of the n ’ strategic advi- 
sory and that will intersect the final trajectory precisely at the 
time the (n + 1 ) Ih strategic advisory is scheduled to occur. The 
transfer trajectory equation is obtained by solving Eq. (19) to 
get 

x,+ 1 = -A, . A0, + X, + ( y ,  + A,)( 1 - (27) 
which, when differentiated, gives the corresponding equation 
for y 

Y n + l  - - y, . e-*’, + A,(e-Ae8 - 1)  

where the subscripts ‘ n ’ and ‘ (n + 1) ’ refer to quantities at the 
time of the n ” and (n + 1) ’’ strategic advisories and is 
defined by 

~ 

I .. , * .. Transfer Error Bder  (TEB) because the curve defined by this 

and it is assumed that the advisory communication delay, d e d ,  
at the (n + 1) strategic advisory has been accounted for 
within A H s .  

WritingEq.(26)withy = Y , + ~  andx = x, ,~ andcorn- 
bining with Eqs. (27) & (28) forms a set of three linear alge- 
braic equations which may readily be solved for x, + , yn + 

and A, in terms of x, and yn . For now, we are most interested 
in An which is given by 

The final constraint that the trajecw not breach the AEB 
may be expressed by writing Eq. (25) with xo and yo replaced 

with x, and yn and setting x = xAEB and y = 0. The result- 
ing equation 

may be combined with Eq. (30) and rearranged to give 

(32) e I ( ~ ~ ~ ~  - b V 4 1  @ . A  
A+Y, 

where 

0 ss eAe* (33) 
The solution to Eq. (32) may be expressed in closed-form as 

4 X A E B - t )  , , 

( ( ‘AV - b, . - W y , l  11 (34) 

A, = 
[‘XAyn- b )  - L, @ 

Yn 

where Lambert’s w-function, L,( ) [lo], h& b e n  introduced 
and is defined such that w = L,(x) is the solution to 

w .  ew = x . Referring back to Eiq. (22), the compensator out- 
put is formed by adding this computed value of A, to the bias 

1 
a 

cancellation value, -6u,. 

Combining Eq. (34) with Q. (30) gives the following 
equation for x, as a functicm of y ,  

n, = (35) 

and this is the definition of what will be referred to as the 
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function will take the aircraft from the TEl3 to the desired final 
trajectory. 

The final calculation required to define the CEB is to 
account for the initial communication delay and the time from 
the initial position until the time of the n Ih strategic advisory. 
The curve deiined by this calculation will be the limit of where 
a tactical advisory may be given at the time of the next sched- 
uled strategic advisory (the n Ih advisory) such that by the time 
the tactical advisory is executed, the initial trajectory will 
intersect the TEB and take the aircraft to the desired final tra- 
jectory. 

Combining Eqs.  (27) and (28) for the initial values of 
x = x i ,  y = y i  , and A = Ai so that the initial delay-induced 

trajectory segment ends at x = x, and y = y, after a delay 

yi = [y, - Ai(e-Aed - l ) ] e A e d  (37) 

which, along with Eq. (35) are the desired expressions for the 
CEB. 

The control procedure is to use as. (35), (36) & (37) 
dong with appropriate vdues of x A E B ,  b ,  A€)#, B e d ,  and Ai 
to compute xi and yi as functions of the dependent variable, 
y, . These values of xi and yi define the boundary of the CEB 
so that one may compare the current aircraft position and 
velocity with the CEl3 region. As long as the aircraft =mains 
within the CEB, 4D reference control may be achieved by sim- 
ply modifying the feedforward control advisories so that no 
additional advisories are required. The amount that the feed- 
forward advisories must be modified is given by the sum of A, 
from Eq. (34) and any bias cancellation that is quired. How- 
ever, if the CEl3 is breached, then a tactical control advisory 
will be required prior to the time of the next scheduled feedfor- 
ward advisory. Depending upon the particular situation, sev- 
eral options are available. For example, if the next feedforward 
advisory is scheduled soon relative to the c w n t  time, it may 
be possible to modify the advisory and then issue it earlier than 
planned. If this is not possible, then an additional tactical advi- 
sory can be issued. The timing of the additional tactical advi- 
sory should be made so that it does not come so close to the 
following scheduled feedforward advisory that it is not possi- 
ble for the controller to issue both commands consecutively. 

4D Control Simulation Example 
The definitions for the error buffers may now be illustrated 

with a simple 4D control scenario. The buffers and the result- 
ing aircraft trajectory will be plotted for a case where the air- 
craft is initially in region 1 of the phase plane when an 
uncompensated wind speed error of about 2.5 m/s (5 knots) 

~ 
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Figure 6. Advisory-minimized tactical trajectories in the 
2, - P,, phase plane and the associated error buffers. 

develops that puts the aircraft on a trajectory that will ulti- 
mately breach the AEB. For this case, an initial communica- 
tion delay of 15 seconds is assumed, and the time between 
strategic advisories is 5 minutes (including communication 
delay for the hal strategic advisory). The aircraft model trans- 
fer function for this example is governed by Fq. (14) with 
a = 0.085s-' which is the approximate reduced-order trans- 
fer function for a large jet like the Boeing 747. The AEB in this 
case has been set to 900 meters and the desired final trajectory 
has been chosen to take the aircraft back to the center of the 
AEB. 

The resulting buffers are plotted along with the resulting 
trajectory for the conditions stated above Pig. 6). The larger 
scale plot shows that the trajectory does end up on the charac- 
teristic that takes the aircraft back to the center of the AEB 
while the h e r  scale plot shows how the trajectory proceeds 
from the CEB to the TEB. 
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The position and velocity errors are also plotted vs. time 
(Fig. 7) to show the time scales for this problem. Notice that, 

....... ...,........... 

........... 

........... .......... 

I 
0 2 4 6  0 2 4 6  

t (minutes) t (minutes) 

Figure 7. Position and ground-speed errors vs. time. 

as designed, the first tactical advisory occurs after the 15 sec- 
ond communication delay to put the aircraft on the transfer tra- 
jectory which then takes precisely 5 minutes to put the aircraft 
on the final trajectory which brings it to the center of the AEB. 

Conclusions 
A phase-plane technique for designing a nonlinear com- 

pensator to minimize the number of required tactical control 
advisories for 4-dimensional human-in-the-loop air traffic con- 
trol has been presented. The logic for the proposed compensa- 
tor seeks to synchronize any necessary tactical control 
advisories with existing strategic control advisories so that 
pilot/wntroller workload is reduced. In order to make a practi- 
cal system, error buffers have been introduced which allow the 
aircraft to drift in a small region surroundjng their strategic &a- 
jectory clearance so that continuous control dvisories are not 
needed. 

The simplified case of speed-only control has been used to 
illustrate the compensator design techniques. The aircraft 
transfer function from commanded airspeed to ground speed 
has been modeled as a simple first order lag, and the resulting 
dynamic equations have been solved in order to be used in the 
advisory minimization calculations of the compensator. The 
concept of the three merent error buffers, the AEB. TEB, and 
CEB and the equations defining them have been presented. A 
simple example was then used to demonstrate how the devel- 
oped compensator might work in practice. 
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