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SUMMARY

Dynamic response of multi-engine aircraft af-
ter one engine failure,general speaking, is cru-
cial, if the pilot could not judge and react cor-
rectly and timely. Using optimization technique,
four time-dependent open-loop optimal control of
two typical twin engine civil aircrafts
(Airbus-A300 and Dornier- 28TNT)after one engine
failure are found satisfactorily, no matter what
initial flight condition is, such as take-off,
landing approach or cruise flight. Not only the
dynamic behaviour after one engine failure is well
controlled, but also the optimal control activi=
ties which should be taken by the pilot after one
engine failure are easily to be performed by the
pilot. The key question of the optimization techs
nique is how to construct the cost function, and
this question is discussed in detail as well.

1. INTRODUCTION

The main research task of the Institute of
Flight Guidance and Control, Technical University
of Braunschweig, is about the aviation safety. A
lot of research projects concerns with wind measu-
ring , wind wmodelling, the influence of wind
shear, turbulence and poor visibility on take=off
and landing approach (Ref.1,2,3,4).

Digital aircraft flight simulation techniques
are widely used to do theoretical analyses, re-
search flight simulators and research aircrafts
are also opreated to verify the results.

Besides poor visibility and wind shear, one
engine failure of multi- engine aircraft during
take-off and landing approach, generally speaking,
may be crucial as well, if the pilot could not
judge and react correctly and timely.

Using optimization technique to search for the
four time-dependent open loop optimal control of
multi-engine aircraft which should be taken by the
pilot after one engine failure during take-off,
landing approach or cruise flight constitutes the
aim of this paper.

The mathematical model of the aircraft is
briefly introduced at first. Some of the main
questions about the use of optimization technique
are described secondly. Then some typical numeri=
cal optimization results and comparisons with
flight simulator results are presented.Detailed
analyses, discussions and conclusions will be gi-
ven at the last.

It could be seen that with the help of optimi=
zation technique, the four time-dependent open
loop optimal control of multi-engine aircraft af-=
ter one engine failure could be found successful-
1y, no matter what initial flight condition fs,
for 1instance, cruise flight, take-off and final
landing approach even with wind shear.
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The dynamic behaviour of multi-engine aircraft
after one engine failure could be controlled well
and the optimal control activities are easily to
be performed by the pilot due to the simplicity
and smooth.

According to the work of this paper, it seems
that if the civil aircraft is designed reasonably
and the engine failure occurs not so critical, for
example, not very near to the ground, especially
if the pilot has been trained well in advance ,
that means the pilot has good ability to judge and
control the event correctly and timely, then gene-
rally speaking, the accident due to one engine
failure could be avoided.

2. MATHEMATICAL MODEL FOR NUMERICAL SIMULATION

Very realistic and sophisticated wmathematical
models of two typical twin engine civil aircrafts,
Airbus-300 and Dornier-28TNT, have heen used to do
the numerical optimization calculations. Six deg-
rees of freedom and rigid body non- linear differ-
ential motion equations are adopted. Some main
parts of these mathematical models could be desc-
ribed briefly as follows.

(2.1)AERODYNAMIC MODEL

The original aerodynamic data based on wind
tunnel and flight testing in tabular form are di=
rectly used in the programm.

(2.2)ENGINE MODEL

Dynamic modeT for typical turbo-fan and tur-
bo-propeller engine are used. The engine dynamic
behaviour certainly is very important for engine
failure simulation.

(2.3)CONTROL SYSTEM MODEL

Actual non-Tinear kinematic motion relations

of all the aircraft control systems are used.
(2.4)LANDIND GEAR MODEL

Dynamic simuTated Tanding gear models are well
built for the two typical civil aircrafts. These
models allow the aircrafts running, controlling
and braking on the runway during take-off and lan=
ding.

(2.5)AUTOMATIC CONTROL SYSTEM MODEL
Realistic automatic control system models
could be adopted directly but only the yawing dam-
per model of the typical passenger aircraft Air-
bus-300 1is used for the numerical simulation of
this paper.
(2.6)NAVIGATION SYSTEM MODEL
A1T of the navigation system data of the simu-
lated airport, such as VOR and NDB stations, gli-
de-path and localizer transmitters, and markers
are also included in the simulation models.
(2.7)CALCULATION OF WIND INFLUENCE

To consider the effect of wind shear on airc-
raft motion, exponential form wind shear with and
without wind direction turn from ground to 1000
meter height are adopted, and different wind speed
?t the)reference height 10 meter are also used

Fig.1).

In summary, a six-degrees of freedom, rigid
body, nonlinear aerodynamic and nonlinear equa-
tions of motion aircraft mathmatical model is app-
lied for the numerical simulation of this paper.




In addition, different wind shear models and many
of the realistic mathmatical models of the aircs
raft sub-parts ,such as engine, control systems
and so on, are also adopted.

3. OPTIMIZATION TECHNIQUE

Facing such a complicated nonlinear dynamic
system, and generally speaking, the derivatives of
the cost function is not be able to calculate,a
mature method which could be used to solve this
kind of optimization problem up to now is stil}
scarce.  Linearizing and simplifying the model
certainly is a way, but sometimes the results
could not conform to the actual situation very
well. A good engineering method proposed by
H.G.Jacob with his optimization programm "EXTREM",
therefore, is adopted for this paper (Ref.5,6).
One of the advantages of this method is no need to
know the derivatives of the cost function.

This method optimizes the open loop inputs of
a dynamic system by observing only its outputs,
and is not concerned with the details of the dyna-
mic system to be optimized , so it works for both
non-linear and linear systems.

Some of the principle points related to this
method will be explained below in a little bit dew
tail.

{3.1)DYNAMIC OPTIMIZATION PROBLEM CONVERTED
INTO R PROBLEW.

The optimization probTem of a dynamic system,
generally speaking, is to find the control func-
tion time histories which drive the system so as
to minimize some quality criterion. By expressing
each control function as a finite series of known
time functions, for example, polynomial or spline
function,the dynamic optimization problem then
could be transformed to a static parameter optimis
zation problem (Fig.2). The optimal parameters of
the series will be determined by an iterative op-
timization procedure, named YEXTREM" algorithm
program. The type of series and the number of its
terms should be chosen so that the expected opti-
mal response could be approximated with sufficient
precision and the optimal input function also
could be realized, for fnstance, performed by the
pilot easily.

Any prior information available on the shape
of the optimum functions could be used to choose
the series expansion type.

Three degrees of freedom (cubic) spline funcs
tion with ten time points for each control func-
tion has been used in this paper. That means, for
landing approach and cruise flight optimization
problems, a forty static parameter optimization
problem must be solved, because total four control
functions (rudder, elevator,aileron and thrust)
should be wused in this circumstance. As for ta-
ke-off, only thirty parameter optimization problem
is faced , because the maximum thrust normally is
fixed in this case.

(3.2)PERFORMANCE INDEX PI AND COST FUNCTION.

The performance index 1s the value computed
by evaluating the system output in terms of the
prechosen cost function. The evaluation is stored
and compared with the value previously
determined.Through comparison, the optimization
algorithm could create a new set input parameters
in a particular way, and the process 1is repeated
until the performance index ceases to change,
This is the principle with which the optimization
algorithm operates.
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Quite obviously, choosing the appropriate cost
function becomes the key question for a specified
optimization problem. In other words, the optimi-
zation result depends upon the cost function ful=
1y.

A great deal of trying, comparison, analysis
and computation has been done in the last year to
search for the better and suitable cost function.
Particu- Jarly in this paper, not the single-ob-
Ject cost function but the multi-object cost Func~
tion has been used (Ref.7). More explanations
about cost function will be given below together
with the concrete calculations .

(3.3)CONSTRAINTS AND LIMITATIONS.

Constraints may be consideréd eéither by adding
penalty functions to the quality criterion or by
introducing boundaries directly into the search
space over which the non-linear programing algo-
rithm operates.

Constraints (either equalities or dinequali-
ties) may be imposed on the input, output and/or
internal state variables of the system. Any time
when an inequality constraint violation is detec~
ted, the algorithm is signaled to provide a new
set of parameters until a set which violates no
boundaries is obtained.

In order to make the optimization results more
realistic and the control functions receivable by
the pilots, some limitations for the input func-
tions, such as maximum displacements of four cock-
pit controls and the maximum cockpit control rates
of aileron and thrust have been adopted. Some 1i-
mitations for the internal state variables, such
as angle of attack, sideslip angle, Mach Number
and maximum dynamic pressure are also added in the
programm.

{3.4)INITIAL VECTOR PROBLEM.

A special property of the 'EXTREM" optimiza-
tion algorithm is the initial vector problem.
That means the guessed initial vector, given by

the wuser at first, should not lie outside the de-
fined boundaries. This property sometimes could
bring much difficulties for the user to start the
program, especially when the flight simulation
time s Tlonger. Good flight mechanics knowledge
and some special software, for example, graphics
program are useful to overcom this difficulty.

The another important property of the "EXTREM"
algorithm is the unique problem of the optimiza-
tion solution. Because the cost function, gene-
rally speaking, can not be a strict convex func=
tion due to its complexity, so the “EXTREM" algo-
rithm is best suited for the search of a local ex-
tremum (maximum or minimum}of a multivariabe func-
tion,the gradient of which is impossible or diffi-
cult to obtain directly. In this respect, how to
choose the appropriate initial vector is even more
important, for different initial vector perhaps
could produce quite different optimization solu-
tion.

4.SOME TYPICAL NUMERICAL OPTIMIZATION CALCULA=

TION RESULTS

Using the mathematical models and optimization
technique stated above, quite a lot of numerical
optimization calculations has been done for the
two typical civil aircrafts.

Three representative initial flight conditions
{ cruise, take-off and landing approach) are used
to investigate the time-dependent open loop opti-
mal control of the aircraft after one engine fai-



Ture. As the space is limited, only some examples
could be allowed to present below.

In order to do the numerical calculation, an
assumed a1rport with its geographical coordinate
as Fig.3(a) is adopted. That means,take-off and
landing approach point just towards the north di-
rection and the wind oppositely comes from the
north. For cruise, the direction points also to
the north.

(1) CRUISE FLIGHT.

Some main nitial conditions for cruise flight

opt1m1zat1on calculation are
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The dynamic behaviour after one engine failure
are given in Fig.4 and Fig.5, respectively.

Two curves have been drawn in each picture of
the two figures. The bold lines are the numerical
optimization results, and the dotted Tlines show
the dynamic behaviour of the aircraft after one
engine failure if the pilot has not any control to
the aircraft, namely no-control or fixed-control.

The dynamic behaviour are presented in such a
sequence, directional- lateral motion first, then
the longitudinal motion, and the open Yoop optimal
cockpit controls appear at the last.

From the curves, it is clear to see that the
dynamic behaviour of the directional=lateral mo-
tion of the aircraft after one engine failure is
severe if the pilot can not control the aircraft
correctly, for example,the divergence of the bank
angle 1is very quick. In contrast, if the open
Yoop optimal controls are used, then the dynamic
behaviour after one engine failure could be

controlled easily.
(2) TAKE-OFF,
Some main initial conditions for take-off op-
timization calculation are:
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The dynam1c behaviour after one engine failure
are given in Fig.6 and Fig.7, respectively.

Three curves have been drawn in each picture
of the two figures. One curve of them shows the
case of no-control or fixed-control. The another
two curves are the numerical optimization results,
one belongs to the case of no wind, and the other
belongs to the case of wind shear.

From the curves, it is easy to see that the
dynamic behaviour of the aircraft after one engine
failure, not just the directional-lateral motion
but also the longitudinal motion, are very dange-
rous if the pilot could not control the aircraft
timely and corvectly, for example, the development
of bank angle divergence and flight path deviation
are very quick. In contrast, if the open loop op-
timal controls are used, then the dynamic beha=
viour after one engine failure also could be con-
trolled easily.

{3) LANDING APPROACH.

Some main initial conditions for landing ap-
proach optimization calculat1on are:
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The dynamvc behaviour after one engine failure
are given in Fig.8 and Fig.9, respect1ve1y.
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Three curves have been drawn in each picture
of the two figures as well. One curve shows the
case of no-control or fixed-control, and the other
two show the case of no wind and wind shear, res-
pectively.

From the curves, it is clear to see that the
dynamic behaviour of the aircraft after one engine
failure during landing approach is not just dange-
rous if the pilot could not control the aircraft
timely and correctly, but also is very complicated
and difficult to control even the pilot would like
to control, because both the directional«lateral
motion and the 1longitudinal motion must be con-
trolled accurately and simultaneously in this
case. But 1if the open loop optimal controls are
used, then the dynamic behaviour after one engine
failure during landing approach also could be ful-
1y controlied.

257



5. COMPARISON OF NUMERICAL RESULTS AND

FLIGHT SIMULATOR RESULTS

. A typical research flight simulator specially
suitable for civil aircraft has been developed in
tﬁe Institute (Ref.8,9). General purpose computer
Micro-VAXZ and high level program language FOR-
TRAN-77 are used to provide the real time capabi=
1!ty. Fix-based cockpit equipped with advanced
view by window visual system could give the high
f!dgiity view of outside world, and which obvious-
1y is very important for simulating take-off and
landing approach with wind shear, low visibility
and engine failure.

Using this simulator, take-off and landing ap-
proach flight simulations of aircraft Do-28TNT af-

ter one engine failure together with or without
wind .shear have been done successfully. Two well
experienced pilots are invited to Jjoin this job

and five to six different wind models are used to
complete these investigations.

The results comparisons between numerical cal-
culation and flight simulator of aircraft Do=28TNT
tageaoff and landing approach after one engine
fa;lure are given in Fig.10 and Fig.1l, respecti-
vely.

In flight simulator, two engines operate nor~
mally at first. Then left engine failure occurs
at about 50 meter altitude for take=off and at
about 200 meter altitude for landing approach.

. The parameters just at the time which the en-
gine failure occurs 1in the flight simulator are
useq as the initial flight conditions for the nu-
merical optimization calculations.

As showing in figure.3(b), the geographical
cogrd1nate of the simulated airport used for the
flight simulator is different from before. That
means, the runway 1s nearly along the east-west
d1r§ct1on, the take-off and landing approach point
basically towards the west, and therefore the wind
should come from the west as well, The influence
qf runway divection changing on the cost function
is not difficult to consider, and this has been
done already in the numerical optimization calcu-
lations of this paper.

As for wind, the wind shear
flight simulator
calculations.

: model used for
is also used for the numerical

6. ANALYSES AND DISCUSSIONS

(§.1) From the numerical calculation re=
sqlts: it is evident that for the both typical c¢i~
vil §1rcrafts, no matter what the initial flight
condition 1is ( cruise, take-off or landing appro-
ach )3 with.the help of the optimization technique
described in this paper, the four time-dependent
open Toop optimal control law of the aircraft af=
ter one engine failure could be found successful-
ly. That means, not only the dynamic behaviour
after one engine failure, for example, the bank
a@gle‘PH ,rolling velocity PR, yawing velocity RR,
pw@ch1ng velocity (QR, flight path angle GA and
flight path deviation YG could be controlied very
well, but the simple and smooth input function
also could be performed by the pilot easily.

(6.2) From the calculation results, it could
be seen that after one engine failure, the pilot
sﬁou1d push the pedal in the direction of overco«
ming the unbalanced yawing moment immediately and
turn the control wheel to correct the bank angle
at the same time.
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In order to compensate the thrust lost, gene-
rally speaking, the pilot have to use the remain-
der normal engine to maintain the longitudinal mo-
tion, such as air speed and glide path, unless in
the case of take=off.

As for the elevator control, depending upon
the height of thrust line relative to the center
of gravity and the down wash change in the tail
area and so on, the control wheel should be moved
forward or backward a little amount appropriately.

The control tendency of take-off and landing
approach after one engine failure in the wind
shear which are used in this paper, is about the

same with no wind, but the amount of the control
displacement are a little bit more.

A important matter is that the control activi=
ties are not very abrupt due to the characteri-
stics of the spline function and not so many time
points have been used at the very early stage of
the control just after the engine failure.

In addition, all of the optimal control acti-
vities are far away from the limitations and boun-
daries, that means in the whole optimal control
course the aircraft still has large control pot-
entiality.

(6.3) From the result comparisons between
numerical calculation and flight simulator, it is
obvious that with the help of optimization techni-
que, the satisfactoriness of the numerical optimi-
zation calculation could be as well as the flight
simulator. Other words, the optimization techni-
que could work as well as human pilot to some exts
ent. Certainly the key questions here are how to
choose the cost function and the initial vector.

(6.4) The cost functions should be different
for the three representative initial flight condi~
tions stated above, because the flying quality re-
quirements after one engine failure are different.

After one engine failure, a large sideslip and
bank angle will create quickly due to the unsymme-
trical thrust in the directional-lateral motion.
The flight path angle and air speed will change as

well, due to the thrust lost in the Tongitudinal
motion.
For cruise flight, generally speaking, only

the bank angle and sideslip angle in the directio-
nal-lateral motion no big change is required. The
Jongitudinal motion requirements could be relaxed,
for there are plenty of altitude and air speed to
manoeuvre. As the unsymmetrical thrust normally
is not so large as take-off in this case, the dy-
namic responce after one engine failure is modera=
te and easier to control.

For take-off, only require the bank angle and
sideslip angle in the directional-lateral motion
no big change is no more enough. Keeping the air
speed not below ,for example, minimal safe air
speed and keeping the flight path angle at least
not less, for example, zero in the longitudinal
motion are also needed in this case. Sometimes,
keeping the flight path basically along the runway
direction also should be considered. The unsymme-
trical thrust of take=off is very large, so the
dynamic responce is severe, especially if the en-
gine failure happens very near to the ground.

For landing approach, not just the bank angle,
sidealip angle and the flight path direction
exactly along the runway in directional-lateral
motion wmust be required, but in longitudinal mo-
tion the glide airspeed and glide path also must
be required. The complexity of the flying quality
requirements brings quite a Tot of difficulties



for the optimal control solution, although the un-
symmetrical thrust is not large at this time.

The key question here is, in order to keep the
glide path and glide speed in longitudinal motion,
the aircraft needs more thrust from the mormal en-
gine to compensate the thrust lost of the failed
engine, but the more thrust from the normal engi=
ne, the more difficulty to the directional=lateral
motion.

The optimal control will be more difficult
when landing approach after one engine failure ta=
kes place in wind shear, because the aircraft
needs even more thrust from the normal engine to
compensate the energy lost.

Based on the statement above, a list of cost
function will be given below. All of the cost
functions are the bases of the off=1ine simulation
of this paper, and quite a lot of labour and com~
puter time has been consumed to get them.

mitation has been reached, otherwise the optimiza-
tion algorithm could not be started.

In addition, the appropriate initial vector
certainly will has good influence to iteration
convergence and shorten the computation time.

When the flying quality requirements are comp-
lex and the feasible region is tight such as lan-
ding approach, choosing of a better initial vector
is time consuming and sometimes is rather diffi-
cult.

Good understanding and experiences in advance,
quite a lot of trail and error, and perhaps a
Tittle of good Tuck are needed here.

(6.7) When wind influence is considered for
both numerical calculation and flight simulator,
generally speaking, it only needs more thrust and
Tonger “simulation time for landing approach, and
makes the control activities more complex, espe=
cially for the wind with some turn. But there are

LIST OF COST FUNCTIONS

Aircraft A 300 D0-28
Cruise 5‘0x107x(p2+q2+r2)+1.Osz
Flight g
5.0x107x(p2+q2+r2)+1.0xv2 5.0x107x(p2+q2+r2)+1,Osz
Take-0ff 2 g 2 9
+50.0x(Va-70) +20.0x{Va-50)
Landing 5.0x107x(p2+q2+r2)+1.OxYS 5.0x107x(p2+q2+r2)+1.Ong
Approach +50,0x(Va-70)2+1‘O(Zg-TAN(3°)Xg)2 +20.0x(Va-45)2+1.0(zg~TAN(2.9°)Xg)2
no big difficulties for the working of the optimi-
. . . zation algorithm, except choosing of the initial
(6.5) Some interesting points should be vector sometimes is headache indeed.

pointed from the comparison of cost function.

{a) No matter which of the both aircraft
is, the structure of the cost function is the same
for each initial flight condition, but only the
weighting factor 1in front of the air speed is
changed a 1ittle bit. The term of air speed rep=-
resents the kinetic energy of the aircraft, so the
weighting factor should be different to consider
the take-off and glide air speed difference of the
two aircrafts.

(b) At least for all of the wind condi-
tions which have tested in this paper, the struc-
ture and the weighting factor of the cost function
basically no need to change.

{¢) According to the different flying qua=
Tity requirements, the complexity of cost function

is also different. For cruise is simple, then the
%akeaoff, and the landing approach is more comp-
ex.

(d) How to construct a better cost funcs
tion 1is troublesome. The parameters included in
the cost functon must be able to reflect the
flying quality requirements, but not the more is
the best. The contradiction among the parameters
should be well considered as well.

(6.6) The choosing of initial vector plays a
very important role for the opimization algorithm.
For the optimization technique described above is
best suitable to search for the tocal extreme, the

optimal solution depends upon the initial vector
very much.
The initial vector must he chosen 1in such a

way, that means during the first simulation no 11«
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(6.8) Basically speaking, the bad dynamic
behaviour of multi-engine aircraft after one engi-
ne failure comes from the engine position relative
to the aircraft center of gravity. The more the
engine nears to the center of gravity, the better
is the dynamic behaviour after one engine failure.

7. CONCLUSIONS

Using optimization technique, the four time-
dependent open loop optimal control of multi-engi=
ne civil aircraft after one engine failure could
be found satisfactorily, no matter what the ini=
tial flight condition is, such as cruise flight,
take=off and landing approach even with wind
shear.

Not just the dynamic behaviour after engine
failure could be controlled very well, but the ops
timal control activities also could be easily per=
formed by the pilot.

Through the result comparisons of numerical
optimization calculation and flight simulator, it
could be seen that with the help of optimization
technique, the aircraft flying quality after one
engine failure could be controlled as well as the
pilot 1in the flight simulator. The key question
here is the choosing of cost function.

Three appropriate forms of cost function which
are suitable for two typical civil aircrafts and
available for three representative initial flight
conditions are presented. The different structue
res of the cost function are interesting and in-
structive for automatic control system design and



the pilot activity imitation.

The basic reason which makes the dynamic beha=
viour of multi-engine aircraft after one engine
fajlure severe is the relative position of the en-
gine to the aircraft center of gravity. So pay
good attention to this problem at the very early
stage of aircraft design is important.

So far as the work which has been done in this
paper, it seems that the accident due to one engi-
ne failure of a multi-~engine civil aircraft during
take-off, landing approach or cruise flight could
be avoided , provided that:

~== the aircraft has been resonably designed;

~=s the engine failure occurs not so emergent,
for example, not very near to the ground;
the pilot has been well trained
advance; and

--- the pilot could judge and act correctly
and timely.

The authors are indebted to Prof.Dr.-Ing.
G.Schanzer, Prof.Dr.-Ing.H.G. Jacob, Mr.Knueppel
and Mr.Rose for their kind discussion and support.
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