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Integration of Four-Dimensional Guidance with Total
Energy Control System

Isaac Kaminer* and Patrick O’Shaughnessyt
Boeing Company, Seattle, Washington 98124

Presented here is a design of the four-dimensional mode for an integrated autopilot/autothrottle control
system named Total Energy Control System. This design involves integrating a four-dimensional flight trajec-
tory generator with the Total Energy Control System to create an outer-loop time error control law and
integrating spoilers with the Total Energy Control System to increase the energy bleedoff capacity of the system
during descent. The resulting system follows a precomputed four-dimensional profile in cruise, except if there
is a large time error when the system is engagéd. In such a case, the system generates a speed profile to null out
the time error by the top of descent. During descent, the system follows a fixed profile by employing both
throttles and spoilers. The system was tested on a full nonlinear simulation and all portions of the system were

shown to perform as desired.

Nomenclature

a = flight-path acceleration limit

D = airplane drag
E = airplane energy
E = airplane energy rate
E, = airplane energy distribution rate
E, = airplane specific energy rate
g = gravity

h = airplane altitude

h = airplane vertical velocity

h, = altitude command

h, = filtered altitude command
K,; - = elevator command integral gain
K., = c¢levator command proportional gain
K,  =thrust command integral gain
K,, =thrust command proportional gain
q = dynamic pressure

S = wing surface area
K} = complex frequency variable

T = airplane thrust

T, = thrust command

T, =initial time error

t, = time to initiate speed change to meet ¥ constraint
t = time to top of descent per four-dimensional profile
t;  =time to top of descent per four-dimensional profile

under limit conditions

|4 = airplane airspeed ‘

14 = airplane acceleration along flight path

V. =inertial speed command

. = filtered inertial speed command

Vs . = final ground speed per four-dimensional profile
V;  =inertial acceleration

V;  =inertial velocity

Vs = cruise speed

V, = true airspeed

Vo = initial ground speed
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W = airplane weight

w, = natural frequency
Xz = cruise distance per four-dimensional profile
X, . = initial distance error
X5 = Xerz T Xeo .
Xpm - =maximum or minimum range possible
¥ =airplane flight-path angle
8, = elevator command
dsm = spoiler position
dspic = spoiler command
8, = throttle command
¢ = damping ratio
T = time constant
Introduction

NCREASING air traffic congestion during the 1980s led

NASA and leading airplane manufacturers to improve on
time arrival at destination airports by intensifying research
efforts in the area of four-dimensional profile generation and
tracking. A great deal of work has been done by NASA,
Boeing, Sperry, McDonnell-Douglas, etc., to develop on-
board, real-time four-dimensional profile generation al-
gorithms. Significant contributions in this area belong to Erz-
erberger and Tobias' at NASA, Williams and Knox? at NASA,
etc. This paper outlines the integration of Total Energy Con-
trol System (TECS) with the four-dimensional profile genera-
tor developed at Boeing.2 The particular airplane used as a
testbed for this design was the Boeing 737-100. (Although
TECS is basically an outer-loop control system, it can be
implemented on any transport airplane with minor modifica-
tions.)

There are several important issues that need to be resolved
to successfully integrate TECS with the four-dimensional pro-
file generator (Fig. 1):

1) The profile generated by the four-dimensional algorithm
may have considerable discontinuities since the algorithm uses
perturbation theory to simplify the aircraft equations of mo-
tion. This approach has inherent discontinuities between inner
and outer solutions. For this application, the discontinuities
will occur in speed and altitude profiles at transition points
(i.e., climb to cruise, cruise to descent, and descent to bottom
of descent at the metering fix). Therefore, the trajectory re-
quires smoothing by introducing command processors that are
driven by the four-dimensional profile and whose outputs are
fed to TECS.

2) TECS must have a four-dimensional mode. In the four-
dimensional mode, it should be able to null out any time errors
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Fig. 2 Command processors.

to ensure timely arrival and also track speed and altitude
profiles. Since the four-dimensional profile may have nonzero
altitude rate and longitudinal acceleration commands, TECS
should develop command errors based on both commands
(altitude and speed) and rate commands (altitude rate and
longitudinal acceleration).

3) In four-dimensional descent, the use of spoilers should be
investigated to improve the trajectory tracking of the airplane
when throttles are at idle.

Four-Dimensional Profile Smoothing

As previously mentioned, the four-dimensional profile gen-
erated by the optimal trajectory generator has significant dis-
continuities. This problem is corrected by filtering the profile
with second-order filters, referred to here as command proces-
sors. The four-dimensional profile consists of altitude and
speed commands as a function of time or distance. These
commands are sent to TECS every 100 ms by the profile
generator. Filtering, therefore, must be done on line. Figure 2
shows a diagram of the altitude and speed command proces-

sors. The following transfer function describes the input-out-
put relationship of both processors:
Ve ke w28/ wn)s + 1]

V. he S%2+2w,s+w? M
The zero (w,/2£) in Eq. (1) is due to the feeding forward of
the profile command rate, which provides tighter profile
tracking by generating a lead term.

Command limiting is introduced to ensure passenger com-
fort (H and V limiters) and distribute energy between altitude
and speed (V limiter). The advantage of limiting before loop
closure is the avoidance of undesirable stability effects that
may be caused by the signal limiting inside the feedback loop.
The command processors (Fig. 2) generate altitude rate and
acceleration commands as required by the TECS four-dimen-
sional mode. Here, w, and £ are set to 1 and 12, respectively.

Basic Concepts of Total Energy Control System

References 4-8 give a detailed discussion of TECS. How-
ever, since this paper describes the integration of spoilers into
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TECS, a review of the design philosophy and theoretical con-
cept of TECS is presented here, based on Ref. 7. TECS is an
integrated autopilot/autothrottle system. The main objective

of this system is to achieve decoupled altitude and speed '

response of the aircraft by coordinated control of elevator and
throttles. The basic concept of TECS is to achieve total energy
control of the airplane; which can be expressed as follows:

1w
E=Wh+-—V?
2¢g
The specific energy rate is given by
. E . vy
E===h+— 3
s =9 . 3
and normalizing by velocity
E h VvV -V
e =y — 4
77N IA @

the acceleration of the airplane along the flight path for small
values of flight-path angle (FPA) can be derived from the
equations of motion for the airplane:

. T-D
V=g— - 5
g~y &Y ®
Substituting Eq. (5) for Eq. (4):
E, T-D
VW ()

Hence, any required changes in energy rate can be achieved by
changes in 7 and D:

@
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Equation (8) indicates that the required thrust is directly pro-
portional to the specific energy rate. Alternatively, it can be
stated that the throttles control the rate at which energy is
added to or deleted from the system.

Equation (8) can be used to develop the throttle control law,
which converts the aircraft command errors into a specific
energy rate error:

By Ve
v = e 2 )]
where
, V.-~V .
Vo="—-V 10)

and v, can be computed based on altitude error, FPA error,
velocity control wheel steering (VCWS) angle command, or
glide slope angle command. For instance, in the case of alti-
tude error

h, 1

h.—h .
V< T _h)

63

Based on Eqgs. (8) and (11), the throttle control law takes the

- following form:

Es Kti Ese
& =Ky v + sV (12)
However, achieving a speed maneuver without flight-path de-
viation, or vice versa, requires coordinated elevator and thrust
responses. An energy rate distribution error can still exist
(e.g., for too high a FPA and too low an acceleration). Cor-
rection of energy rate distribution error E, can be accom-
plished by taking a difference of potential and kinetic compo-

AE, ANT-D) nents of energy error:
VoW @ | . Ve
Ey = P a3
Since the variation in the drag of the airplane for transports is
slow, the change in drag in Eq. (7) is basically 0: and, correspondingly, energy rate distribution:
AE, AV , 14
ATu=W—2=z=W <A7 + ——) ) Ej=y—— (14)
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Using proportional plus integral structure, the elevator control
is

8 = KopEy + —fEde + damping terms (15)

where damping terms consist of pitch and pitch rate feedback
to ensure short period damping. This control law calls for the
use of elevator to redistribute energy rate error £, between
FPA and acceleration. This concept is shown in Fig. 3. Equa-
tions (12) and (15) are used to generate thrust and elevator
commands, as well as spoiler command in four-dimensional
descent, as will be described in the following section.

Use of Spoilers in Four-Dimensional Descent

As mentioned in the previous section, TECS computes a
throttle command based on specific energy error:

| 4 /4

This computation assumes a slow drag variation. This as-
sumption is true, in general, unless a drag device is employed
to increase the drag of the airplane. In such case, the drag term
must be included in Eq. (16):

Eg — Treq'_Dreq (17)
|4 w

Equation (17) represents a simple way of integrating spoilers
into TECS. Additional energy must be taken out of the system
(i.e., the spoilers should be deployed to increase drag to
achieve the desired result) when the throttles are at idle
(T = const = Ty;,) during descent. Therefore, in Eq. (17), any
change in E; will be caused by increased drag due to spoiler
deflection:

—AD;

Ese spl
— 18
4 w (18

n

where AD;,, is the incremental drag due to spoiler deflection.
In terms of speed and altitude errors, Eq. (18) can be
rewritten as follows:

' -h . V..
Ii”=<———h° h+hc—h>l+<V + V- V>1 (19)
T 14 T g

AD;,, = gSCp, , 0

Assume Cp,  is constant to get

W E

6sp1r: =K-— v (21)

Equation (19) is a direct generahzatlon of Egs. (10) and
(11). However, there are several important differencés. Equa-
tion (19) uses ¥, and k., which are generated by the the
command processors (see section on four-dimensional profile
smoothing) and used as feed-forward commands to. improve
four-dimensional profile tracking. This is particularly impor-
tant during transitions, and in climb and descent, when either
h. or V. or both are nonzero. Also, Eq. (10) uses airspeed and
true acceleration signals, whereas, Eq. (19) uses inertial ones.
This difference is again due to the four-dimensional profile
tracking application being solved. During descent, spoilers are
used to bleed off excess inertial energy. Such situations occur
most frequently when the airplane encounters tail winds.
Thus, inertial speed and acceleration commands are used to
compute both throttle and spoiler commands during’ four-di-
mensional descent.

(16)
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To implement the spoiler command, an integrator is re-
quired to achieve zero steady-state energy error with a propor-
tional path added to improve phugoid damping. Therefore,
the spoiler command has the following form:

Ky, . W
6spl(: = l:—S_I E, + KpEs] ‘K _(; 22)

where K;, K,, and K are gains to be determined by linear
analysis. The PI (proportional -+ integral) structure in: Eq.
(22) is chosen in accordance with the PI structure already in
TECS for the pitch command.

When compared with the thrust command definition in the
previous section, it can be seen that the integral portion of the
spoiler command is identical to that of the thrust command.
Since the spoilers are used when the throttles are at the aft
limit, the control logic, as shown in Fig. 4, was developed to
engage spoilers automatically.

In Fig. 4, the thrust command is passed through a limiter
(limiter 1), which restricts it to a normalized (divided by
weight) maximum and minimum achievable thrust. Therefore,
when the engines achieve the lower thrust limit, the output of
limiter 2 becomes positive. This result triggers switch 1 to close
and the spoiler command to be generated. The washout 100s/
(100s + 1) in the spoiler proportional path is necessary to
prevent spoiler activity for a constant energy rate occurring in
descent. Hence, the spoilers only react either to changes in
commanded energy rate or to changes in inertial energy rate
(e.g., due to winds). '

Equation (22) shows the basic structure of the spoiler con-
trol law containing three gains K;, K,, and X that should be
determined by linear analysis. Initially X; and K, were set to
0.4 and 0.56 as in the original TECS design, where 0.4 is the
value of the energy integrator gain and 0.56 is the value used
in the proportional path for the pitch command. The value of
K was selected to be 6 deg/rad to achieve the same crossover
frequency in the spoiler command loop as in the pitch com-
mand loop (Fig. 5). Further investigation indicated that the
value of 6 deg/rad is too high for K because it increases the
crossover frequency in the speed loop (Fig. 5), which should
be around 0.08 rad/s (12.5 s per original TECS requirements).
To achieve the desired crossover in the speed loop, the value of
K was decreased to 3 rad/s. The root locus analysis of the
spoiler command proportional path loop showed that better
damping of the short period mode can be achieved by reducing
K, to 0.28 (half of the original value). Therefore, gain values
of 3, 0.28, and 0.4 for X, K, and K, respectively, were used
for nonlinear simulation testing.

During nonlinear simulation runs, lightly damped oscilla-
tions in the spoiler command were observed. When flight
conditions used in nonlinear testing were analyzed for stabil-
ity, it was found that the spoiler command crossover fre-
quency was at 9 rad/s, compared with 2 rad/s for the nominal
flight condition. The major difference between the nominal
flight condition and the ones tested on the nonlinear simula-
tion was the c.g. location, with 20% for the former and 10%
for the latter. Therefore, to reduce excessive spoiler command
bandwidth in the forward c.g. conditions, the value of gain X
was reduced further to 1 deg/rad. This change did not effect
the speed loop crossover a great deal, except in the extreme
conditions, making it satisfactory for the final spoiler com-
mand configuration.

In the four-dimensional mode, the airplane follows an iner-
tial trajectory. Therefore, as can be seen in Eq. (19), the
inertial speed and acceleration are used to compute the spoiler
command integral component. The spoiler command propor-
tional path also uses inertial acceleration, thus making spoilers
track purely an inertial path:

Bsplc =

4 , ’
OTEse +0.28E, (23)
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where This arrangement allows the elevator to track the air-mass
1/h.—n 1/V.—v energy distribution rate in the short term, thus minimizing the
E,=— +ho~h)+-—L4 V.-V, chance of stalling the airplane.
V; T g i S, . K .
The decision to make spoilers control the inertial energy rate
. A was based on linear time response analysis. Initially, it was
E; = ; v decided that air-mass acceleration should be used for both
i

:I‘he elc_evator command, on the other hand, uses inertial speed
in the m_tegral path and estimated air-mass acceleration in the
proportional path:

042 . ,
Oec =—s-’Ede+0.56 Ey (24)
where

1/V.-V, ] 1/h.—h , .
E,,,_,=-< £ iV, V,)——(” +hc—-h>

4 T i

, 1. 1~

E;=—h-—--
d Vh gV

spoiler and elevator commands, but analysis of the linear
response to horizontal tail wind showed that the throttles came
up first, followed by the spoilers. This kind of response is
clearly undesirable. It was corrected by using the inertial accel-
eration in the integral paths for both the spoiler and elevator
commands and in the proportional path for the spoiler com-
mand.

Spoiler deployment has a direct effect on the airplane pitch-
ing moment. Since lift is reduced aft of the spoilers on the
wing, the airplane pitches up. This behavior may resuit in
unnecessary elevator activity unless the elevator command can
anticipate the change. A crossfeed from the spoiler command
to the pitch commard provided this anticipation, as shown in
Fig. 4. The crossfeed gain K¢ is computed based on how much
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elevator deflection is required to compensate for spoiler de-
flection. Its value is a function of altitude, Mach, and alpha
and was derived using a least-squares curve fit to flight manual
data.

In the four- d1mens1onal mode, the memal acceleratlon and
speed are always used independent of whether throttles or

spoilers are active (Fig. 6). In the case of throttles, this means

that inertial instead of air-mass energy rate error is used to
compute the throttle command (refer to the previous séction).

TECS estimates the air-mass acceleration, based on the
following formula:

oS y 5 g<1—> 25)

75 +1 75 + 1

In Eq. (25), 7 is a function of altitude. This formula assumes
slow drag variation. Such an assumption is not valid when
spoilers are deployed, hence, a drag term should be included in
Eq. (25):

~ Ky 78 T.-D,
V= V: + - 26
s+1 " 'rs-i-lg< w 7> 26)

In Eq. (26) D, is the drag due to spoilers estimated from the
spoiler command:

137 W,

=——39 27

€T s+137 q P @n

D, is switched into the ¥ filter when the four-dimegsional

descent flag is set. Figure 7 shows a diagram of the V filter
with proposed changes.

Initial Distance/Time Error Nulling

If there is a time error when the four-dimensional mode is
engaged, it will be nuiled by top of descent (TOD) (i.e., no
time érror nulling is to take place in the descent phase of the
flight). To minimize throttle activity during the four-dimen-
sional cruise, it is desirable to uniformly distribute time error
reduction over the. four-dimensional cruise. This task is suc-
cessfully. accomplished by the algorithm described in the fol-
lowing. Equations (28-30) describe the flight profiles. With-
out considering the speed limitations of the airplane, an
analysis is performed to determine if a solution exists for the
given constraints Vy, V;, and £;. A simultaneous solution for
Xjm yields Eq. (31). The value Xy, is the maximum range
possible (¢ <0) or minimum range possible (¢ >0) for the
given constraints. If the range that must be covered X falls
within the maximum and minimum ranges, then a solution
exists

V, = Vo + aty (28)

Vf = VS - a(tf - td) (29)

) ta iy
X;= § (Vo +at) dt + S (Vs —a(t—t)) de 30)
0

7]

Xim = —(VE+ V})/4a + Vy Vy/2a + Voty/2
+ Vytg/2 + at} /4 (€}))

Should a solution not exist, then the final ground speed con-
straint V;is met and a TOD arrival time error is computed and
displayed. If a solution exists, then a ground speed profile is
selected using elementary logic.

Once a ground speed profile has been selected, two un-
knowns must be determined. First, the necessary cruise speed
V, must be calculated. The second unknown is #,. This is the
time at which a deceleration/acceleration must be initiated to
bring the ground speed of the airplane from ¥, to the required

J. GUIDANCE

final ground speed V;. These values are derived from the
equations describing the selected ground speed profile.

The equations describing the profiles are

Vs = Vo + at; » (32)
V=V, alty-t5) (33)
n d i
Xf:S (V0+at)dt+§ ngf‘l"}~
0 L3 e
X [V £ a(t —12)] dt (34)

which reduce to

Vs = ‘/z(atf + Vo + ‘jf) =+ ‘/Z(GZt} + 2ath0 + 2athf

+ 2V V)= VE = VE—daXp)* 35)
V, = X+ (Vi-VD)2al/lty + (Vo-V)/al  (36)
ti=t;+(Vy—Vi)/a @7

Implementing Eq. (37) results in TOD ground speed and ar-
rival time errors when limit conditions hold the airplane actual
ground speed V, at a value other than the desired V;. To
accommodate both the desired/unlimited (Vgs = V,) and lim-
ited (Vg # V) flight conditions, Eq. (37) is implémented as

=ty + (V= Vis)/a . (38)

This approach eliminates the final ground speed error (at the
expense of a larger time error).

When throttles reach the set throttle authority limits or
airspeed limiting occurs, the airplane is held at the correspond-
ing ground speed. The resulting arrival time is

tr = (X;/ Vo) + (Vo/2a) + (V}/2aV) - (Vy/a) (3'9)‘

which is derived from

Vf = Vs - a(tﬂ - td) (40)

4 1
,§=S de+§[%—aﬂ—wnm 41)
(1]

lq

Under limit conditions, the airplane will be at a ground speed
other than the desired cruise speed V. To meet the final
ground speed constraint V;, a new value of ¢, must be gener-
ated:

tg = iﬂ + (Vgs)/a (42)

The corresponding TOD arrival error is

ly =tn—1

A TOD arrival time error message is displayed to thé pilét.

Altitude Profile and Speed Profile Modes
The smoothed four-dimensional altitude and speed profiles
are fed to the TECS altitude and speed profile modes. Since
the four-dimensional altitude speed profiles may contain
nonzero acceleration and altitude rate commands, the corre-
sponding TECS profile modes develop command errors from
both position and rate commands.
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The altitude profile mode generates an inertial FPA error v,
using the altitude command processor outputs A, and A,
(h. = 0 when not in the four-dimensional mode):

h.—h : 1
ve= | (22) + |2 @

The speed profile mode generates an inertial acceleration error
V5 using the speed command processor outputs V. and V,
(V. = 0 when not in the four-dimensional mode):

v, = [(V——K> - i/i)]l (44)
T 4

Manual Spoilers

Because of hardware constraints, the only way to control
the spoilers on the NASA transport system research vehicle

(TSRV) airplane is by adjusting the speed-brake handle in the
forward cockpit. Therefore, the automatic spoiler command is
converted into a speed-brake setting advisory for the pilot, as
shown in Fig. 8. The spoiler command bandwidth is low

" enough for the pilot to follow easily.

In the manual spoiler mode, the TECS structure reduces to
speed on elevator for basic safety reasons (i.e, should the pilot
choose not to deploy spoilers). However, the spoiler command
remains coupled to the speed error and does not reduce to an
altitude on spoiler mode. This configuration was found to
reduce the magnitude of path deviations resulting from
changes in pitch (i.e., the cross coupling of speed error to
spoilers provides sufficient anticipation to allow the spoilers to
remove altitude errors caused by changes in pitch as they
occur).

Figure 8 also shows the spoiler position feedback to the
elevator command required to retrim the aircraft in the man-
ual spoiler mode. Spoiler to elevator gain is computed based
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"on how much elevator deflection is required to compensate for
the pitching moment generated by the spoilers and is a func-
tion of altitude, Mach, and angle of attack. The system in Fig.
8 was analyzed for stability and found to be stable with
sufficient phase and gain margins.

Four-Dimensional Mode Logic

To properly integrate the four-dimensional mode into
TECS, new logic had to be added and some existing logic
changed. The following new logic was added: 1) four-dimen-
sional mode flag, 2) four-dimensional cruise flag, and 3) four-
dimensional descent flag. The four-dimensional mode flag
enables altitude and speed profile modes and spoilers in a
four-dimensional descent. It also makes changes to existing
logic, such as the AFTLIM flag definition and the energy
integrator offloader logic.

The AFTLIM flag is set when throttles reach aft limit. This,
in turn, forces the cross-coupling gain (KGEPS in Fig. 6) to
zero and TECS into a speed on elevator configuration for
speed priority modes. In four-dimensional descent, the spoil-
ers are enabled, providing extended range for energy bleedoff.
Therefore, the AFTLIM flag should not be set unless spoilers
are at the limit in a four-dimensional descent.

The off-loader circuit is used to keep the energy integrator
from saturating when throttles are at the limit. Since the same
integrator drives the spoilers in a four-dimensional descent, it
is necessary that the off-loader circuit not be turned on while
the spoilers are active. This change is shown in Fig. 9. It
should be noted that the off-loader circuit is a survivor of the
analog days and can be replaced by simply turning off the
integrator when either throttles or spoilers limit.

In the four-dimensional mode, the airplane tracks an iner-
tial profile. Hence, when in the four-dimensional mode, iner-
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tial acceleration is used to compute integral commands in both
energy and energy distribution paths. The switch from the
TECS estimated acceleration to the inertial one is accom-
plished when the four-dimensional flag is set. The four-dimen-
sional cruise and the four-dimensional descent flags are to be
provided with the four-dimensional flag. All three are enabled
or disabled by the profile generator algorithm (PGA) or the
flight management computer (FMC), whichever one is driving
TECS in the four-dimensional mode. When the four-dimen-

sional mode is disabled, the PGA or the FMC must select the:

next mode for TECS to fly and inform the pilot of the deci-
sion.

Nonlinear Simulation Results

The TECS four-dimensional mode was implgmented and
tested on a nonlinear B-737 flight simulator. Figures 10 pre-
sent the data for nulling out the time error in four-dimensional
cruise with Fig. 10a showing an altitude profile that clearly
indicates the top of descent point and Fig. 10b containing the
speed profile computed by the algorithm and indicating the
actual inertial speed of the airplane. As can be seen, both are
identical. Figure 10c shows the estimated time error at the top
of descent in which  zero is clearly shown to be the top of
descent point. ‘

Figures 11 present the data for the descent portion of the
four-dimensional flight. The airplane is subjected to tail wind
that shears up to 50 kt at 1 kt/s 200 s into the descent. Figures
11a and 11b show that excellent altitude and speed profile
tracking have been achieved in the presence of substantial tail
wind. In both plots, the solid line indicates the command and
the dashed line the corresponding airplane response. Figure
11c shows the spoiler activity in descent. The plots presented
here testify to a successful design of four-dimensional mode
for TECS. A more detailed analysis of the design can be found
in Ref. 2.

Conclusions
The integration of the four-dimensional profile generator
with the Total Energy Control System has been developed and
evaluated in detail. The feasibility of four-dimensional Total
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Energy Control System integration has been demonstrated by
meeting all design objectives in such a way as to minimize the
volume of interface and mode switching logic. The design
created a four-dimensional mode in the Total Energy Control
System, which includes the following features:

1) Altitude and speed profile command processors to
smooth out four-dimensional commands according to avail-
able airplane bandwidth and passenger comfort requirements.

2) Spoiler integration into the Total Energy Control System
during four-dimensional descent.

3) Time error nulling algorithm to eliminate time error by
top of descent. .

4) Mode switching logic to allow for smooth integration of
four-dimensional mode into the overall Total Energy Control
System structure.
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