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Abstract

A functionally integrated flight/propulsion control
system, named total energy control system (TECS), is
discussed in this paper. Based on the energy management
point of view, the thrust is used to control the total ener-
gy amount and the elevator to control the desired energy
distribution between flight speed and path. The mathe-
matical model of aircraft point-mass energy movement
dynamics is established as a two-input/two-output P-
canonical system representation, with the transfer func-
tions of pitch attitude control and engine control loops as
its basic elements. Coordinated thrust and elevator con-
trol laws, providing decoupled flight path/speed maneu-
vering dynamics, are then developed with output feed-
back control strategy and fore-feed Vcanonical decou-
pling structure. Various operational requirements, con-
trol nonlinearities, and performance limits are considered
and incorporated. Control priorities for speed/path are
easily implemented by processing commanded signals
when thrust reaches limiting values. Control laws for
various path/speed modes, such as altitude/speed, flight
path angle, vertical path segment transition, glide slope,
automatic landing flare, go around, and optimum trajec-
tory guidance, are analyzed and developed. All research-
es are demonstrated through digital simulations for a
Boeing-707 transport aircraft model.

Introduction

The conventional automatic flight control systems
(AFCS) used in modern commercial aircrafts are general-
ly developed based on the single-input/single-output con-
trol strategy, with the vertical flight path being con-
trolled by the pitch autopilot through elevator and the
flight speeds by the autothrottle through the engine
throttles. Their analysis and design are commonly ac-
complished with the traditional but non-optimal bottom
up design method of adding one control loop/control
mode at a time based on the classical control theory of er-
ror-feedback and root locus analysis. Because both the
elevator and throttle controls will produce coupled flight
path and speed responses, there exists coupling effects
between the flight path and speed controls, which makes

the design of AFCS quite complex and difficult. The
analysis and design process relies heavily on experience,
intuition, empirical approaches and tradition, as well as
many times of improvements based on various kind of
simulation tests. And the obtained results are still not
satisfactory in most cases and bear lots of pilot com-
plaintst—2,

How to reduce the coupling effects between path and
speed dynamic responses, to get coordinated elevator and
throttle responses for any path or speed control require-
ments, and to decouple the path and speed control func-
tions, has always been one of the most difficult problems
in the Integrated Flight/Propulsion Control (IFPC) tech-
niques of aircrafts. This is because, in a large partition,
that the flight path change is mainly decided by the short
period attitude motion dynamics, the flight speed change
is decided by the long term point-mass dynamics, and un-
der current control strategy it is very difficult to effi-
ciently integrate or combine them together. Many re-
searches show that the present AFCS design have
reached its development plateau, fundamental improve-
ments can only be obtained by a multi-input/multi-out-
put design approach, see ref. [17%,

In recent researches, many new control strategies
for the TFPC have been set up and studied based on mod-
ern control theories. One very promising generalized de-
sign approach, named Total Energy Control System
(TECS),is developed by Mr. Lambregts etc. of Boeing
Commercial Aircraft Co., in which coordinated elevator
and thrust commands are developed based on point-mass
energy control considerations. The total energy of air-
craft in flight is made up of the kinetic energy component
related to flight speed and the potential energy compo-
nent related to flight altitude. The change of total energy
amount can cause the change of either flight speed or alti-
tude, and also both of them. When keeping constant the
total energy amount, the flight speed and altitude can al-
so be exchanged each other simultaneously through the
transformation of energy between kinetic and potential
components. On the other hand, the variation of total
energy amount is mainly caused by the thrust change,
and the transformation of energy by the pitch attitude
change. Thus, in the control strategy, if thrust (or au-
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tothrottle) is used to control the total energy amount,
the pitch autopilot (through elevator) is used to rear-
range the distribution of total energy between kinetic and
potential components, and cross feedbacks are introduced
to decouple the two control channels, then the resulted
system could have a decoupled dynamic responses be-
tween the path and speed moneuvers. This forms the ba-
sic principle and control strategy of TECS, see reference

[17 and [2].

A thorough study on the basic concept and princi-
ple, analysis and design methods, application to various
path/speed control modes, and operational features of
the TECS is conducted in this paper. The decoupling
control law is developed mathematically with output-
feedback control and forefeed V-canonical decoupling
structure, system design criteria are determined,and a
typical TECS is designed for an Boeing-707 transport air-
craft model, satisfactory digital simulation results are fi-
nally obtained.

Basic Concept and Principle

According to the point-mass flight dynamics of air-
crafts, the required thrust during maneuvering flight is
as follow

T=W-+O+V/g)+D b
where 7 and V are the longitudinal flight path angle
(FPA) and true airspeed; T, D, and W are the thrust,
drag, and weight of aircraft respectively; g is the gravity
constant.

The sum (¥ + V/g) is often referred to as ”potential
or total flight path angle” and has been used for thrust
setting displays during manual control. Assuming the ini-
tial thrust is trimmed against drag, with initial FPA and
acceleration being zero, then it follows that the incre-
mental thrust requirement during maneuvering flight is
proportional to the product of weight and the sum of
FPA and longitudinal acceleration. The drag variation is
generally slow, especially for commercial transports of
which the maneuvering rate is very low and the speed
change very slow, and can be taken care of by integral
control in long term. Therefore, the requirement amount
of thrust change in shot term maneuvering could be ex-
pressed as follows:

AT:W-(?’—!—%) @

Considering the specific total energy and energy
changing rate of aircrafts;

—p
E=h+5 @
E=Vo+Y) (4
Combining equation (2) and (4):
E V AT
=7+ yinkia ()

Thus, the aircraft specific total energy rate is indi-
cated by the potential FPA, and is mainly controlled by
thrust changes. On the other hand, the variation of ele-

vator mainly generates pitch moment to change the longi-
tudinal flight attitude, and in turn to change FPA, does
not generate appreciable forces in the direct of the flight
path. Hence, while at constant thrust, the elevator con-
trol can only change the distribution of total energy be-
tween its kinetic and potential components, i. e., be-
tween flight speed and altitude. Thus it comes that,
from an energy management point of view, the thrust
should be used to control the total energy amount and the
elevator to control the desired energy distribution be-
tween flight speed and altitude, as shown in Fig. 1.

. £,
V 1 Total Energy Rate Control
Through Autothrottle

Energy Distribution Rate
Contro! Through Elevator

Fig. 1 Control Strategy of TECS

In order to maintain equal control weight between
kinetic energy (flight speed) and potential energy (alti-
tude), the energy distribution rate L is employed as the
control variable of elevator channel™, which is defined
as the difference between kinetic and potential energy
rates:

=Y _y
g
Due to the decoupling control purpose, the following de-
sign requirements should be met in the analysis and de-
sign of TECS;

@ There should have decoupled control responses be-
tween the total energy rate control channel (au-
tothrottle channel) and the total energy distribution
rate control channel (pitch autopilot).

© The two control channels should have matched dy-
namic and static characteristics, so as to enable both
the total energy rate error and energy distribution
rate error to go to zero simultaneously, and thereby
to avoid undesirable energy exchange (control cou-
pling) between path and speed.

Control Law Development

Define the Specific net thrust parameter in normal-
ized form for unit weight as 67 = AT /W , then, from e-
guation (5) and (6) it follows;

E

5 1 0 oT

vi=l 5] @

L 1 —2J7

Independent engine thrust control system (au-

tothrottle) and pitch attitude control loop (pitch pilot)
forms the bases, i.e. inner control loops, of TECS, with
the former producing the required specific net thrust in-
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crements, the later stabilizing the short period dynamics
and controlling the pitch attitude angle and in turn the
FPA. Assuming their transfer functions are Wr(s) and
W (s) with the following relations respectively
0T = Wy « 6T, €)]
— 2y =W, 8, )
where 67, is the normalized command of the thrust con-
trol loop, 64, is the pitch attitude angle command of the
pitch control loop. Replacing equation (8) and (9) into
equation (7), the mathematical model of the point mass
energy state movement of aircraft, which contains its ba-
sic thrust and attitude control dynamics (Wr(s) and
Wpr(s) ), is obtained as follows:
L [WT 0 MBTS,J
I W WpdLdd,
Equation (10) shows that, from the point-mass en-
ergy movement viewpoint, aircraft dynamics combined
with its inner control loops can be modelled as a two-in-
put/two-output P-canonical system. So with reference to
the Mesarovic® decoupling criteriont™
coupling control structure is used for the purpose of sim-
plifying the decoupling terms. And unit output feedback
control and fore-feed decoupling strategy is further
adopted to form the control structure of TECS, as shown
in Fig. 2, where Py =W, Py =Wr, P, =0, and Py =
Wp. The decoupling terms R;;(s) and R, (s) combined
together with the controller terms Ry;;(s) and R, (s) of
the two main control channels forms the V-canonical de-

10)

, a V-canonical de-

coupling system structure.

E + R E
Ze n £
v + 4
RZl
R 12
+ P ;
L R, L

Fig. 2 Decoupling Control Structure of TECS

For this typical control system, the decoupling

terms should have following forms®™,;

__Pu 1 _
Rp=—7% 'z =0 an

Py 1 _ Wi 1
Py Rn_ W, R (12)

The closed-loop transfer matrix is as follows:

Ry =—

RyWr 0
_|TFRaws
O(s) = . R, W as
1+ RpWpe

According to the requirement for matched dynamics
of the two main control channels, the diagonal terms in
the transfer matrix should be equal;

We
Ry (s) = R22(5> 14
Equation (12) — (14) shows that the decoupling

terms Ry, (5) and controller terms are all related to the in-
ner-loop dynamics, which is evidently not acceptable.
Hence, the controller Ry;(s) and R, (s) should be judi-
ciously selected to simplify the decoupling terms and to
reduce its dependence on Wp(s) and Wz (s) .

The proportional plus integral controller is basically

selected as following forms .
K
R (s) = K¢p + -ﬂ

K
Ry (s) = Kep + l

(15>

This will enable the total energy rate error to be re-
duced to zero with a fist order time constant 77 =
K7p/K7; , and similarly the energy distribution rate error
with g = Kgp/Kzr . Let the proportional terms act only
on the feedback signals, without relating to the command
signals, so as to smooth the transient responses of the
controller to command inputs, which do not affect the
controller static performance’], Resulted system struc-
ture is shown in Fig. 3, where Ry, (s) and Rx,;(s) together
take the role of decoupling term R, (s) .

E
. n oT v
D
v s | -
Rx1 1 anl
Rx»
+ - +
f:c A Ksﬂ f\ ’ e :
KEP
Fig. 3. Actual Control Structure of TECS
Its closed-loop transfer relation is as follow§;
E ¢
_V_ — {@11 @12} v (16)
I Dy Dy Le
where; @,,(s) = Ko %ﬁ, S, =20
7
K KrpK
@21(5) ——E[KEIR}{:@KP TPS EIRXz‘-DKP@KT
— Kep@xpPrr + gt’m‘]/ [QT ¢ QP]
Kg @ K
By, (s) = % 0, Q) =1+ =0 (),
Q@ =1+ 580, Gur() = T
KT 14+ KppWe'
We

D = 1+ KgeWp'

According to the decoupling conditions, @y, == @, =
0, and assuming Rx; = 0, the decoupling term Ry, (s)
should be:

s 1
Ko Kei W an

The longitudinal attitude control loop (Wp(s) ) is
mainly related to aircraft short period dynamics, with

Ry (s) =
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relatively large bandwidth or rapid time responses. The
energy control loops (of both E/V and L) are related to
the long term point-mass dynamics, with relatively small
bandwidth. So the inner control loop Wp(s) could be
treated as a constant gain Kpin the analysis of outer ener-
gy control loops, which is especially true for commercial
aircrafts, here Kp is the static gain of transfer function
Wr(s) . Thus the decoupling term Ry,(s) could be ex-
pressed as following definite form:

s
Ry, (s) = Rep Ko K as

And the total energy control law is :

or,~Knke Ly g, L

- I%(‘% F V=) — KTP(g + 7 a9
36,= IESEJ(LC — L) — Kpl — K%%

= Kale ¥ -]

— KEPEKX(E +7v]—27] (20)

Where Kx =1 + 1/(KEPKP ).

Additionally, @;;(s) should be equal to $;,(s) , then
it follows
Kr@gr = Kgi@xr QD
At the same time, the first order time constants of
the two control channels should also be equal, i.e. , 77 =
tpor Kpp/Kyr = Kgp/Kgr . Considering the FPA change
maneuver, for any command signal AY; (assuming V¢/g
= 0),it will come about that in steady state §T = AY;
and AG = AY.. So the proportional gains should have u-
nit value, i.e. , K7p = Kzgp = 1, and in turn K7y = Kg; .
Thus from equation (21) it follows that @xr = Pgp . This
means that the closed-loop transfer function of thrust
control loop Wr(s) encircled by a unit output feedback
should have matched dynamic and static characteristics
with that of pitch attitude control loop Wpr(s) .

Conclusively, the design criteria which should be
followed in the development of TECS can be summarized
as follows:

@ The dynamic characteristics of pitch attitude
control loop (Wp(s) ) should be matched as
close as possible to that of thrust control loop
(W),

€@ The dynamic and static characteristics of @xr(s)
, which is the closed-loop transfer function of
W (s) enclosed t‘hrough a unit output feedback,
should be matched as close as possible to that of
Dxr(s) » the closed-loop transfer function of
Wris).

€@ The parameters of the controllers in the two
main control channels should be selected as K¢p
= KEP =] andKTI = KEI .

System Design and Integration

Based upon the criteria discussed above, a typical
TECS is analyzed and designed for a Boeing-707 aircraft
mathematical model®). In the pitch attitude control loop,
state feedback of pitch rate and pitch attitude angle are
adopted to stabilize the short period dynamics and to get
good attitude angle control and tracking properties, and
the parameter space design method of robust control sys-
tem(®? is applied in order to get good control dynamics for
various flight conditions. In the thrust control system of
JT3D-7 turbofan engine, the engine pressure ration
(EPR) is used as feedback control variable to form a
closed control structure, a simplified engine model is
used in its analysis and simulation instead of sophisticat-
ed nonlinear high order models, and the control parame-
ters are judiciously chosen to get a matched dynamic
characteristics to the pitch attitude control loop. Detailed
design process and results see reference [8].

Assuming the transfer function of thrust control
loop is @1 (s) » and pitch attitude control loop @,(s) ,
which has the transfer relation of AY = @400, , then the
TECS can be integrated according to Fig. 4.. Where Kr;
and K, are dynamic compensation gains for @z(s) and
$y(s) to ensure the Pyxr(s) and Pxp(s) be dynamically
matched, Kr, is static compensation gain to match the
static characteristics of the two loops.

Fig. 5 illustrates the simulation results of step re-
sponse to FPA and acceleration respectively, in a flight
condition of altitude = 26248 feet, W=200655 LB, and
Mach=0, 6.
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Fig. 4. TECS Design Structure
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(a) Acceleration Step Response
Fig.5. Step Responses of the Basic TECS
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(b)FPA Step Response
Fig.5. Step Responses of the Basic TECS

Path/Speed Control and Operational Limitations

The TECS requires normalized commands 7. and
V./g . Hence for various outer-loop path and speed con-
trol modes, all control errors should be converted to the
normalized forms. In altitude and speed control modes,
command signal is proportional to and counteracting to
errors:

<t

=Ky (Ve — V)
ke
Vv
where Ky and K, are constant control gains. The lin-
earized system block diagram is shown in Fig. 6.

(23

% |
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Y, = == 7"(!1.: —n (24)
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Fig. 6 Linear Altitude and Speed Control Modes

The above control laws call for an exponential re-
duction of the altitude and speed errors with a time con-
stant rinversely proportional to K, and Ky . Thus to pre-
serve decoupling for simultaneous altitude and speed ma-
neuvers and maintain the correct relative energy relation-
ship between altitude and speed errors, K; = Ky must be
chosen. The outer-loop error of any speed or flight path
control mode can thus be normalized into V./g and 7, sig-
nals for input to the generalized basic TECS. For the
speed modes of Mach and CAS (Calibrated Airspeed),
the cammand signal first be converted to true airspeed so
as to preserve proper control law gains at all flight condi-
tions. Because of the decoupling dynamics between FPA
and acceleration controls, the analysis and design of the
altitude and speed control loops in Fig. 6 can be conduct-
ed independently, and therefore become very simplel®,

In addition to the linear analysis and design, many
nonlinear operational limitations should be considered
and implemented, such as normal acceleration limiting,
speed limiting, and thrust limiting etc. Since the normal
acceleration is related to FPA as a, = V7, and the FPA
responds to a command Y. in a smooth overshoot free
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way, the normal acceleration limiting is implemented
simply by rate limiting the 7, signal to ¥. = a.mr/V .
The same rate limit is also implemented to the V./g sig-
nal as V.inur/g = aunar/V s so as to maintain the same
processing in both signal channels. Rate limiting is real-
ized through a software algorithm processing to the ¥.and
V./g signals in the simulation™,

For speed limiting, the allowable speed Vjux and
Van are transferred into normalized signals at all times
as follows

V:MIN/g = KyWVymw —VD/g (2%

The actual command V./g is continuously compared
with Varax/g and Vagn/g . If it does not fall in the allow-
able value range, the command V.ux/g or Vaun/g in-
stead of V./g is adopted automatically with absolute pri-
ority, as shown in Fig. 7.

{VcMAX/g = Ky(Viyux —V)/g

Additionally, a limitation on the magnitude of FPA
command 7, is also implemented in the 7. channel, and al-
so in the V,/g channel for proper energy distribution rela-
tion, so as to avoid altitude overshoots/undershoots in
altitude control cases. The magnitude of vertical speed or
climbing/descent rate is actually limited to get a smooth
and overshoot/undershoot free response of altitude.

Rate

Limit
V V:M]‘.N _J

Speed
Transfer|

Basic Total Energy Control Law

Iy

Fig.7 Nonlinear TECS

Fig. 8 illustrates the simulation results of total ener-
gy climbing for a simultaneous climb/speed up com-
mands. The altitude and CAS increase steadily and
smoothly, the normal acceleration is limited to +0.1g ,
the vertical speed H is also limited to a certain value due
to the FPA limitation, and the elevator (Ade ) and throt-
tle ( 6P ) changes steadily in its allowable range.

Fig. 9 illustrates the simulated energy transferring
performance for simultaneous descent/speed up com-
mands, with nearly zero total energy change. The throt-
tle needs little variation in the control process, but
slightly increase to trim the drag increase due to speeding
up, and the elevator changes a lot to redistribute the to-
tal energy between path and speed.

Control Priority With Limited Thrust

From equation (5), when thrust reaches its limita-
tion, the total energy rate reaches its limited value, rep-
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Fig. 9 Energy Transformation Simulation

resented by (V/g+7), and only the elevator remains
available to control the distribution of the available total
energy rate between speed and path. For the case of
maximum thrust, for instance, it follows that;
AT yax E )4
W o ]:—‘7}15[11}( - E + 7
In order to keep decoupling control and maintain
correct relative energy relationship between altitude and
speed errors in the elevator control channel,the command
signals should be processed to restrict the total energy
rate command to its available range. For the maximum
thrust case, it follows:
E. V. E |4
vt
This means that the sum of accelerating and climb-
ing abilities is limited to the available total energy climb-
ing ability., How this available ability is distributed be-
tween acceleration and climb could be used to adjust the

0T ypax = (26)

@D

control priorities on speed or path. Defining a speed pri-
ority parameter p , which varies from 0. 5 to 1. 0, the
speed control priority could be realized through process-
ing the command signals as following for the maximum
thrust case:

v ,
?ﬁzﬁ‘(%-‘r—)’)
[ g g

This means that the portion of the total available en-
ergy rate used for speed control is at most 100p %.

When p =1, it correspondes to the absolute priority of
speed control.

Similarly, path control priority can also be realized
through the processing on V. /g and 7, according to equa-
tion (27). Defining path priority parameter ¢ , which
varies also from 0. 5 to 1. 0, the command signals should
be processed as follows for the maximum thrust case:

Vo<q+ L+
&

@9
LA
g g

For the minimum thrust case, same processing prin-
ciple is used, with slightly different processing equa-
tionst®), Fig. 10 illustrates three sets of simulation re-
sults for different speed/path control priorities, p =1. 0,
?» =0.5,and ¢ =1. 0, at same flight conditions and con-
trol requirements. As shown, the absolute speed priority
can provide the operational flexibility to change speed
during descent/climb at minimum/maximum thrust with-
out the need for the pilot to manually reconfigure the
modes. Here, for the p =1, 0 case, after thrust limits at
idle due to a large descent command in the altitude con-
trol mode, a command is given to decelerate from 260 kt
to 240 kt. This is accomplished through the elevator con-
trol by temporarily reducing the descent rate until the
speed command is captured. Finally, linear control is re-
sumed automatically when the altitude target is ap-
proached and a net thrust rate command is developed to
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Fig.10. Speed/Path Control Priority Simulations

drive the thrust back into the linear range. For the case
of p =0.5, the speed and altitude controls are actually at
same priorities. For the path priority case (¢ =1. 0),
CAS slightly increase after thrust reaches idle instead of
decreasing, but the true airspeed does not increase which
means that no inverse energy exchange from speed to
path occurred.

FPA Control and Go Around Control Modes

The flight path angle (FPA) control is simply imple-
mented in the ¥, control channel of the basic TECS, as
shown in Fig. 8. The allowable FPA is mainly decided by
maximum/minimum thrust ability, or potential FPA, so
the saturation limiting on FPA magnitude is not used in
FPA control mode. The performances of climbing at
maximum thrust and of descent at idle thrust with con-
stant speed could be checked with the FPA control
mode, in which speed control priority ( p =1. 0) is set
up for limited thrust cases.

The go around control mode is also implemented in
the 7, control channel, as shown in Fig. 8. The FPA com-
mand is selected to provide the desired initial pull up and
final climb gradient, and it is not rate limited in order to
minimize altitude loss. Speed control priority is set up
when thrust reaches maximum, so as to ensure speed
safety. For a heavy aircraft situation, more than the
available thrust may be required to satisfy 7, . Then full
thrust climb at available FPA is obtained with speed con-
trolled by the elevator. Fig. 11 illustrates the digital sim-
ulation results for this situation (initial aircraft weight =
250000LB), which actually represents the maximum
climbing ability. For light weight conditions, only partial
thrust will satisfy 7, , which avoids excessive climb gradi-
ents and pitch attitudes.

Vertical Flight Path Segment Transition

The transition flight from one straight flight seg-
ment to another is needed in many control cases, such as
vertical navigation, glide slope etc. Fig. 12 shows its ge-
ometric relationship. The transition should be started at
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Fig.11. Go Around Control at Mazimum Thrust

point D earlier than the crossing point, in order to get a
path overshoot free response. The FPA difference be-
tween the current flight direction and the upcoming path
segment could be obtained as followingt®;

she — Typs o b1
AN =V, — 7 =" = 30
. L 30)
where 7, is a time constant.
A/
D/
Current
Segment h
Capture
Capture Next
Trajectory Segment

Fig.12 Segment Transition Geometry

The transition control law is then developed as fol-
lowing, based mainly on the FPA control modeféI,

y — 7, when sign(?,) « sign(h,) > 0
* 17, + 7 whensign(?) +signh) <0

where:

3D

- hes — Tyhs) 1
75—72“71+(Khh;+ T,,,S-'i-l Vv
+1 for;z>0
sign(z) A4 0 forix =10
—1 for;z <0

The acceleration command V./g is directly decided
by speed control requirement, no special processing is
needed. Fig. 13 illustrates a climbing transition simula-
tion results, where aircraft is commanded to capture a
fixed climb segment at FPA=+3 (deg. ).

An outstanding characteristics of the control law in
(31) is its automatic adaptation to speed. With increas-
ing speed, it takes an increasing k. to make 7. change its
sign, hence capture will start sooner.
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Fig.13. Flight Segments Transition Simulation

Special Landing Control Modes

In the automatic landing procedure, two final con-
secutive flight modes,Glide Slope mode and Flare mode,
are needed. The glide slope mode is implemented mainly
based on the segment flight path transition mode, but
the linear altitude error k. is derived from the glide slope
error (GSE) angle I' {7

Fig.14. Glide Slope Mode Simulation

h(t) + Hyo = Hy + 7% (30
where H,is the initial altitude of exponential flare path, r
is its time constant which determines the touchdown
time. In order to decrease the dispersion of touchdown
points, the time constant ris set to be varied inversely to
the ground speed Vg as r = K,/V;, where K, is a con-
stant gain used to determine the initial value of r. From
equation (8), the FPA command signal for flare mode is

as:
he = aa’fp 32) o when — ‘% <—a,
where &, is the glide slope angle. Then the control law of Te= Ve(h + H, Ve(h + Hy)
FPA channel for the glide slope mode is as following, B KV when — KV z=
similar to the path transition mode; (35)

7. =

0 when?,>0
{ woen (33)

Y., when?, <0
where ;
hI's .
Vo= |Ky+h T @ —T  Twh
a — r + TypS +1

<

The acceleration control signal V./g is derived from
the deceleration requirement. And when thrust reaches i-
dle state, a path control priority (g =1.0) is adopted to
ensure aircraft to glide down along the G. S. accurately,
Fig. 14 illustrates a simulation results for glide slope
mode,

The flare trajectory is generally chosen as a expo-
nential curve, with its asymptote being set lower than
the runway plane by a constant height Hy,, . Its altitude
has following function relative to flight time;

The normalized acceleration is V./g = a./g , where
a. is the required deceleration. Fig. 15 illustrates a simu-
lation results for automatic landing flare,beginning from
glide slope flight mode, Table 1 gives the simulated re-
sults at different wind speeds, with tail wind being posi-
tive and head wind being negative.

Optimum Trajectory Guidance

One major function of flight management system
(FMS) onboard modern commercial aircrafts is to control
aircraft to fly at its optimum performance (or along its
optimum flight trajectory) with minimum cost and fulfil
flight missions perfectly and automatically. TECS can al-
so be able to track the optimized flight trajectories, espe-
cially for the flight paths optimized based on the point-
mass energy state approximation approachest® ', In this

Table 1. Flare Performance at Different Wind Conditions

Wind Speed 30 —20 —10 10 20 30 40 50
(it/sec)
Flare(?i;tance 1690 1674 1663 1657 1656 | 1656.5 | 1666 1675 1690
t
Flare Time 10. 20 9.50 8. 96 8. 46 8.10 7. 66 7.36 7,10 8. 90
(sec)
H, (it) 53 50 46 43.2 41 38.8 36.5 34.8 33
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Fig.15. Automatic Flare Stnulation

method, the point-mass energy state approximation mod-
el is used as the state equations, the specific total energy
state is used as the independent variable or time-like vari-
able during the optimization process, the direct operating
cost (DOC), defined as the weighted sum of fuel cost
and time cost, is used as the performance index function.
The trajectory optimization problem is finally simplified
into pointwise extremization problems of several algebra-
ic functions™. The optimization algorithm can give out
not only the optimal altitude and speed profiles, but also
the optimal total energy rate profile and FPA pro
filel®=*, which are the basic controlled variables in
TECS. Hence the guidance law, as shown in Fig. 16, is
developed to derectly give out the total energy rate and
distribution rate command signals, instead of the 7, and
V./g signals, as following forms:

E . Eapt KV K"

V). =V T g Vor =V F g o= 0 GO
. _E, K K
Lo= 52 = 2op+ L Vop = V) — Gy — 1

37
where subscriptive op¢ represents the optimal profile in-
formation. Its distinguishing characteristic is the applica-
tion of the optimal total energy rate and energy distribu-
tion rate signals, which represents the requirement on
the changing rate of both altitude and speed. Hence,
there actually exist the derivative signals of optimal alti-
tude and speed profiles in the guidance law, which en-
ables it to control aircraft through TECS to follow the
optimal flight profile accurately and precisely.

Fig.16. Optimal Trajectory Guidance Law

Because of the basic assumption made in the point-
mass energy state approximation model that the kinetic
energy and potential energy could be exchanged at zero
time during flight, there exist large step changes and
high frequency vibrations in the resulted optimal FPA
and acceleration profiles, which can not be directly fol-
lowed or realized by actual aircrafts due to nonlinear limi-
tations on normal acceleration etc. Hence some adaptive
measures are introduced to the trajectory optimization al-
gorithm and aircraft flight simulation, and several pre-
processing methods, such as the lead-compensation and
smooth filtering etc., are applied to the ideal optimal
flight profiles, see ref. [8] for details.

The guidance law relates the performance optimiza-
tion subsystem with the flight control system TECS,
forming a simple flight management system in vertical
profile. Digital simulation tests show its satisfactory con-
trol performance. The TECS can control the aircraft to
track and realize the optimal profile accurately with ac-
ceptable élevator and throttle operations, and acceptable
normal acceleration, Comparing the actual simulated
flight profile with the pre-processed optimal profile, it
can be found that in a steady climb, cruise and descent
flight, the altitude error is less than 5 feet, speed error
less than 0.1 knot; and in the transition flight (climb to
cruise, cruise to descent etc. ), the maximum altitude
error is less than 30 feet, speed error less than 2 knots.
Table 2 summarizes the simulation results for each flight

Table 2. Comparison of Simulation Results

Ind FUEL in clim FUEL in cruise FUEL in descent FUEL in total total flight total COST
ndex (LB (LB) LB) (LB) TIME (s) (dollar)
Ideal 8006. 25 1677. 46 616. 25 10299. 81 3142. 51 1081. 2
Profile
Simulated 8050. 19 1751. 97 681. 82 10483. 97 3138. 54 1092. 2
Profile
Relative 0.549% 4. 44% 10. 64% 1.788% —0.126% 1.017%
Error(%)
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segments as well as the whole performance index. Fig.17
gives a typical portion of the whole profile simulation re-
sult, which is the most difficult portion to be tracked.
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Fig. 17 Simulated Tracking Results.

Conclusions

The concept of total energy control discussed is a
very promising new design approach with many outstand-
ing features. It absolutely changed the control strategy
and system structure of conventional AFCS, provided de-
coupled path/speed maneuver controls, and had vast flex-
ibility for various flight control requirements.

@ The long term point-mass dynamics of aircraft is ef-
ficiently related to the short period attitude move-
ment dynamics through controlling the amount of
variation and transformation of total energy state,
forming the basis for integrated flight/propulsion
control system development,

] A multi-input/multi-output control structure is
adopted to provide a generalized design foundation
for various control requirements, normalized con-
trol and feedback signals are introduced to provide
flexibility for various out-loop control modes.

@ Modern decoupling control theory for multi-variable
system is used to analyze and design TECS, instead
of the conventional frequency domain design meth-
ods. Thus cross-feed decoupling functions can be di-
rectly constructed.

The total energy control system (TECS) discussed
and developed in this paper meets all the operational re-
quirements of the traditional autopilot and autothrottle.
The normalization of all control signal feedbacks into en-
ergy related quantities makes the design highly generic

and directly transportable to other commercial aircrafts.
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