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Tie problems of design criteria and architecture of multiloop flight control systems are
discussed for a realized system to achieve precise flight path guidance, safe and
economic control of the aerodynamic flow (airspeet,, angle of attack and lift coeffic;ent
control) and passenger comfort. Joint root locus and quality criteria design will heu.•
presented.

The structure of the presented multiloop flight control system consists of nonlinear
open loop control for flight performance and flight management purpose, superposed quasi
linear state vector feed back and six control surfaces (aileron, rudder, elevator, trim,
throttle, direct lift/drag control).
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1. Introduction

Flight control systems are more or less a conventional tool to improve the aircraft
characteristics as well as to provide a more precise guidance and control. The range of
application is extrem wide. In orde, to improve the handling qualities and low
stability margins of uncontrolled aircraft, damper and stabilizer are state of the art.
F !utter control systems may reduce the structure load of the aircraft st,'vcture and can
improve life cycle time. For many applications in guidance and control thu improvement
of flight accuracy for air traffic control and 39/41) navigation is essential. Weapon
delivery requires excellent attitude and speed control. Also for safe and economic
flights, the control of the aerodynamir flow condition via airspeed, angle of attack or
lift coefficient is of great importance. Additonally, many military and all civil
aircraft need control systems to irmprove passenger comfort and the safety margin when
flying in adverse wheather conditions e.g. turbulence, wake vortices, wind shear and
poor visibility.

Design criteria for adequate flight control systems to fullfill the niscussed
requirements are contradicting in general and ari acceptable compromise has to be found
/I/.

These design problems will be discussed for a multiloop flight control system That can
achieve a precise flight path guidance arnd a safe aerodynamic flow control. hhe
structure of this flight control system consist of

-. nonlinear open loop control for flight performance and flight manaqeme nt purpose
superposed linear state vector feed hack control
six control surfaces (aileron, rudder, elevator, trim, direct !ift/draq, throttle)

The flight control system as a digital experimental system, is installed in a twin
engined propeller dri ven research aircraft of the Tu•:hn 1 sche tlni veri tAt Braunrschwei q.
Up to now the system has been tested In cruise flight, aiproach and landing.

2. Smho Is

2.1 Control theory
1) disturbanr e vector

- System mattriy G guidance input ve..tor

B_ t I irle

D observation period va"rta)c

•, va ri~lnI.



2 2 Hli qht mechani c

C~ handling quality criterion V airspeed

C derevativ V K ground speed

f- Thrust V W wind speed

9 earth acceleration

H- altitude Ct angle of attack

H rate of climb y flight path angle

H vertical acceleration 4, roll 1
n load factor 0 pitch attitude angle (Euler)

m aircraft mass tI yaw J
5 wing area 11 elevator displacement

q pitch rate is flap displacement

qp dynamic pressure p air density

vjorthogonal speed component

2.3 Indices

c Command 0 open loop

d disturbance w actuator open loop command

D drag , al;e of attack

L Lift

3.Contro'i system struc~ure

Design criteria and control sys~tem structures are difficult to he presented in gleneral
.as they vary due to the application. In this paper we will concentrate the discussion
on the precise control of the fliqIht path and the safe control of the aerodyamic flow
condition. Flight path and flow condition can vary over a wide range in short time
p en r od s.

The basic command inputs in the flight control system are flIight path anld airs;pved. the
pi lot or an outer loop air traffic control system nay vary this commitand inputs.

To achi eve a prcoper response of the control led aircraft six control surfaces (actuators)
are applied, as there are aileron, rudder, elevator, elevator trim, throttle, arid direct
lIft device (fast landing flap control). For op t i ium control , all rel evant control
information has to he fed to all relevant actuators&. therefore the adequate cc) itrol
sys tern for thi s task is a strongly cross--coupled multi-loop control sys.tem.

For- the mathemnat icalI presentation of generalI cross-coupledýt h ighe r order inilt ilIoop
systems the state space may )ve adequate. I n th is space presen tat ionr al s ýta toe, eleent
ha ve equal s ta tus . It is typical for the aircraft dynam~r risponse, t hat seione s tate
el ement have different status. GenerallIy speak irig the ai rcraf t dynamiric respoise can fi-
presented as a cescade systemn. Each loop of this cascade system has a -ýl di f f ereit arfid
spec if ic respons:e charakterlstic. The d iffTerent l oops ca n he cha rac t -Yri od hy the ir
frequency domains. Bcginning with the highest frequency donain a h. ( tir on fý ca '. (-,I
loop, four different loop can he ýdentl fled.

1 . Structural dynami c

Int the r'el1at Iv high f requiercy dyraiarlc response of the vl a-;t 7a ra t ltlth Ir kcont I cc
structurl stren r-d'wuct onil and par z1ly loadfictor cnrlr el.cq~ leito

a r e t yp IcalI a p p icadti on s.
2. Rotat anadl dynamic

n r L~i f t, i r equ nrcy r a n qge o f the short pt-' Ied motif, , do~ t, ii, r 1 n i n I rol rdt, t tirI- h~ tt itd i pi
qu(Ia 1 1 t ies a re o f r eaIt Imp)o rIta nce n te th i r f Ie err f, n r v , in oi reprito, rt l tn o t ri: ow I1t' (Iqo
texisIts t o p e c ify a n d d esign s )pec ial c o nt rolstma he- ;mr I arrrirr' ctihl)h1r,
q kst. ale v l Itlo r), d irec r i co ttr ol.
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3. Energy dynamic

In the frequency regime of the phugoid and spiral mode, energy transfer is important.
Throttle control, speed control and wind shear suspresslon are typical applications in
this area. Additionally some cross couoling effects between lateral and longitudinal
motion, e.g. turn flight, are of interest as well as some effects of direct drag and
lift control.

4. Flight path management

In the extrem low frequency regime, flight management, 3D and 4D navigation and partly
air traffic control dominate this outer cascade loop.

In the past, most of the applied flight control systems are specified and designed for
relativly small cascade element (e.g. damper for cascade Nr. 2 and autothrottle control
for cascade Nr. 3) as single loop control systems. As the interaction between the
cascades can not be neglected, the control efficiency of such single loop control can be
improved significantly in applying a multi-loop control structure. For example, the
poor control dynamics of conventional flight control system for transport categqory
aircraft in the energy cascade loop require a long stabilized flight profile for
approach and landing /2/. Already small energy disturbances e.g. modoratly curved
flight path or wind shear can effect such type of control systems very much.

Ihe well known modern control theory /3/ based on a state space presentation of the
aircraft may overcome some of the discussed problems. The general problem in
application of the modern control theory Is the cascade behaviour of the aircraft
dynamic, where each cascade loop askes for its specific design procedure. The
application of different design procedures in one control systems shall be discussed in
chapter 5 more in detail.

The knowledge concerning the aircraft response is in general excellent. The relevant
discipline is known as flight mechanics. But only a small part of this knowledge is
implemented in flight control systems. This lack of information may cause problems In
dynamic response quality and precision.

Most flight control systems use only information to adapt variing parameters as dynamic
pressure or Mach number,

The theoretical approach to incorporate flight mechanical knowledge in the flight
control system is simple in principle. We assume that the characteristics of total
cascade can he described in state space

A = A x + B u . (1)

If, for specific manoeuvres, the state vector xc is specified, the required optimal
control deflection uc can be calculated in prinziple.

u - (i - Ax) B-1  (2)

This ideal equation cý'nnot be soliied in general. The phenomen is known as the inversion
of the transfer function of time delayed systems.

Most flight control applications eq.(2) can he simplifiPd in a way, that i mathematical

solutior, is possible.

If we observe the information flow in the cascade loops, we find that primary the
information will flow from the outer loop to the inner loop. Therefore the dynamic
presentation of the outer loorn is more important for the knowledge implementation. As
the outer loop responds much slower than thE inner loops, a quasistationary
approximation of eq.(2' may solve the problem. Because the equation of aircraft motion
is non linear the approximation of eq.(2) has to he non linear.

With such an quasistationary non linear open loop control the closed loop design is
easier. The required feed back gains are small compared with control systems without an
adequate open loop control. For example, the aleviation of gust and windshear can be a
part of the open loop control.

The less the presentation of the aircraft dynamic In the op,-n loop, the greater are the
requi -ed feed back gelns to fui 1 fill the task. An example for such an opon l oop con tro l
system IS giver) in chapter 4.

4. Nor) jinear open l oop control

A more detailed discussion of the loop control shall demonstrate somp practical aspects.

lit cross couplinq effects between lateral ato lonqitudinal aircraft motion are relative
smal I for conventi onal transport ai rcr'i ft. Primary the coord i,•ted turn fl .ght
influences the load fIc tor

n + cosy (3)

"cos.o
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and body fixed rate sensors produce coupled output signals. For example in the output

of a pitch rate sensor

qs = cosq + 4€sine cosO (4)

To simplify the discussion, only the longitudinal aircraft motion shall be pointed out

more in detail.

There exist two major tasks of the open loop control (see fig. I and fig. 2)

- Calculation of the commanded state vector element xc

- Calculation of the open loop control surface displacement uo

A typical set of state vector elements of a flight control system may be

q pitch rate
0 pitch attitude
1 angle of attack

H a I ti tude
fl vertical speed
HI vertical accelleration
"VK horizontal accelleration

To achieve a precise control with adequate dynamic behaviour, each state vector element

should be comp&red with a commanded state vector element.

The commanded state vector xc has to be calculated as a function of

the qujidance input vector Gc

Hc flight path command
Vc airspeed command

and the disturbance vector D-c

T roll angle
6f wing flap deviation

air density
W aircraft weight
VW wind and turbulence velocity

The function between x c, Gc and TIC is part of the flight performance calculation. In
general the complete set of the aircraft motion equation (see appendix) is necessary to
realize the performance calculations. A simple example shall demonstrate this in a
procecure that is well known in the flight mechanics community.

The required lift L is in equilibrium with the weight W of the aircraft and the load
factor n

L - n W (5)

The lift is a function of dynamic pressure

q P V2  (,)qp 7

wing area S and lift coefficient CL

L V 2 SCL (7)

The lift coefficient itself is primary a function of angle q if attack a and flap
deflection angle 6 f

CL f CLo( 6 f) + C[ 1u (8)

The combination of equation (5) to (8) gives thp eleme.nt (Y.c of the commanded state
vector x(

_; 2 Wdn [ V2 SCL + CL ( 6
f) CL ]'(

Ihe commanded airspeed V( is an element of the quilance v'~ctor. The wiqht Wd i an
element of the disturbance vector. The load factor n, has addi t ional y to h, cal!'flated
in relatiorn to eq. (3).

An example for the open loop throttle control may he deri ved frrom t he 'draq equation" of
the aircraft (see appendix). The required thrust is:

[ { wW uW VKI

1" W n ") n-- cosy - ( n nu .. ) silly (,I)
[ L V V

Iq
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The draq lift to drag ratio is a function of the annle of attack, flap position and Mach

number. The load factor n is in relation to eo.(3) a function of vertical accelleration

iH, roll angle I, and flight path angle . The effect of vertical wind wWg
(e.g. downburst) is as we1i implimented as horizortal wind Uw Itorizontal vI nd

influences the required thrust only in climb or descend condition%. The effect of

required thrust in a windshear situation shall he discussed more in detail. In

aindshear the airspeed V of an aircraft shall be constant (l = 0) for safety reasons.

A- the ground speed VK is a superposition of windspeed Vq and airspeed

.YK -- Y + YW.()

The time derevation is

= +w

With V = 0 the requirement exists, that VK = L . This means, that in a windshear
situation the aircraft has to be accelerated or decelerated in the same way as the wind
itself. We introduce this effect into eq.(1O). For small flight path angle y we get

S= W - n ( - n--2)y + (0a)L V V

These equations are the basis for a precise and effective open loop ccntrol.

With the todays computer power in digital flight control systems these coupled non
linear equations can be calculated in real time without any significant problems.

The modern control theory /3/ gives precise answers concerning the optimal structure of
linear feed back: All state vector elements x have to feed hack to all actuators. The
practical problem is to define the six elements of the state vector and to measure the
state variables. These very interesting problems can only be mentioned without going
into details.

The state vector size depend on how many cascade loops are necessary to present the
aircraft characteristics. In most cases the actuator dynamics must he added yet. In
contrast to this the sensor dynamic may he neglected,

The aircraft measurement technics /4/ are well developed so that most state vector
elements can be measured directly. On the other hand the modern control theory provides
powerfull methods to observe unknown state vector elements. The design of observers /5/
for flight control systems is a very interesting task. The designer has to Find a
compromise between expensive sensors and moderate system knowledge.

Figure 1 shows a block diagramm of all essential control loop elements.

5. Design criteria and procedure

For a given control system structure the control parametcrs have to be calculated. T o
design a non linear open loop control is relativly simple. The set of nonlinear
equations can be solved for example with a numerical minimum variance methods /6/.

In contrast to the open loop control, the closed loop control design can in theory be
very complicate. The todays design procedure for complex flight control systems is more
art then an application of a proper theory. I shall illustrate this private statemeot
more in detail.

The design criteria in the "rotational dynamic cascade" are well formulated in
handling qualities criteria of aircraft. An excellent example of handling qual'
requirements is the well known military specification MIL 8/85 /7/. Most of
handling quality criteria can he ixpre-sed as eigenvalues and eigenvectors oi
relevant modes (short period, dutch roll- roll mode). The MIL 8785 gives clear rul,
where the eigenvalues (roots) have to hc :,laced.

In contrast to the adequate root methi,d of the rotational dynamic cascado thn design of
the energy dynamic cascade and parts nf the flight management cascade can be formulated
only unsufficiently by eigenvalues. Problems of speed and flight path deviation as well
as of throttle activity may he formulated by variances of deviations. For example the
difference between the commanded rirsreed and the measured airspeed Is a clear Fnd
simple measurement for speed cortrol accuracy. The variance of the speed derivatinn is
AV = Vc - V

t+D
V i 6Vý dt (12)

t

is easy to calculate. Th,-ottle activity Is an important human factor in flight control
design and acceptance. A hign throttle activity bothers both pilot and passengers /l/.
Some additional research is required to formulate an adequate mathematical Pquation tf
describe throttle actiity. A sufficient measurement is thrust rate F
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t+D

2 1 F'dt (13)
t J

t
Passengers or pilots comfort is an additional important humian factor, both in civil and
military aviation. In general it is difficu]t to find an acceptable mathematical
formulation for human factors. The well known C - Cri teri a /8/ for ,hort peri ods
response design represents passenger comfort quite well.

C*2 (Vp q) (14)

ti-D
2 dt (15)

C* C Cdt

As difficult as the correct mathematical formulation of the relevant effects In the
energy dynamics cascade is the weighting of these effects. The simple question what is
more undesirable: a speed deviation of I knot or a fliqht oath deviation ot 10 ft is
very difficult to answer. Due to the flight envelope different weighting are
worthwhile. A practical approach is the equal weighting of the relevant
energy-devi ations

- kinetic energy AV.V

- potential energy AH

This energy weighting produce acceptable flight test results /9/.

More difficult is weighting the precision ( H, V) on one hand and the human factors
(throttle activity, passenger comfort) on the other hand. Many experience in
calculation, simulation, flight test and operation are necessary to f;x the weighting
factors.

When the weighting factors K have been fixed, variance of the control qiialtiy Q

Q -fAx K x AxT dt - fAu KU Au T dt (16)

can be minimized with different powerfull procedures.

Recording many application, a fixed set of weighting factors is not adequate for the
total flight regime. Each area of the flight envelope requires its specific weighting
matrix. The superposed calculation of different flight regimes and a joint minimisation
of the quality criteria can give sufficent results. lodays powerfull computer are the
necessary tool for this job.

As problemized earlier, complete flight control system requires different design
procedures, root methods for the inner cascades and minimum cost methods for the outer
cascades. No theory exists to solve both problems at the same time. If we use the
different characteristics of the cascade we will find, that the control paraneters of
the inner loops affects strongly the dynamic characteristics of the outer loop but not
vice versa. The control parameter sensi vi ty move in the oppos i te way compared to the
control information. Based on this axiom, we design complex multiloop control systems
step by step.

The first step is the design of the inner loop (flutter suspression, damper, stabilizer)
with root methods based on aircraft handling quality specifications. Tn a second step
the outer loop control parameters are calculated by cost function minimization, where
the inner loop control parameter- are fixed. In cost applications two or three
ite--ative circles including flight test are sufficient.

6. Flij ht Test results

The results of the discussed' desigii pr( edu fe for complex multiloop flight control
systems shall be demonstrated for a realized flig ht control system for scientific
applications. This flight control system has been developed in the Institut for
Guidance and Control, Technical University Braunschweig /10/. The design targed was an
extrem precise flight control system for flying nap-on-the-earth profiles to measure
wind, windshear and turbulence on board of the aircraft.

The test aircraft is an institute owned, twin engine propeller aircraft (fig. 3). The
aircraft Is fully equiped with sensors, digital and anal og compu ter and actuators for
elevator, aileron, rudder, horizontal fin trim, throttle and direct lift (fig. 4). In
the presented version of the flight control system, the aerodynamic flow condition was
measured via the anqle of attack. The task of air data computi ng, fl iqht auqmerntation
6 nd thrust (:ontrol wi11 be done in one central computer (Ivp Norden, DEC PDPII
compatible). The sample rate is 23 cycles per secood.

Figure 5 demonstrates the high accuracy of the flight control system in smouth 3ir. In
a 9 minutes flight period, the maaimum altitude deviation was less then I m. Ihe
altitude deviation is In the range cf the resIlutlon of the barometric altimeter.
Figure 6 shows the aircraft response in altitu l,., air si,1 d and thrust it the heqirl of a
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turn flight in moderate turbulence. In figure 7 the aircraft energy situations were
heavily disturbed by setting the landing fla ns. An altit ude-acquire oa no(Ievre shows
fig. 8 for strong turbulence. An automatic landing is demonstrated in fig. 9. Typical
for this test aircraft is the gust seisitivity of the uncontrolled Oircraft due to the
low wing load and on the other hand its high pitch angle variation due to tail-wheel
landing gear.

An older version (with a simple open loop control) is shown in fig. 10 in an curved
MLS-approach /11/ passing a moderate wind shear.
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Al Aircraft equation of motion (translational) (simplified)

M Vk F - D + L sin a.- Wsin-y (Al)

n G : L (A?)

A2 Velocity vector geometrie

V V + V (Aw)
.w W 

(A3

sirW, . . COSY --- silly (A4)
V V

A3 Thrust equation (superposition of eq (AI), e. (A2). eq (1(A,))

LD WW uW VK

F = W [ V C1 n .... Cos-y ( - n .- ) Sill 'I -V

L V V
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fig. 3 The DO 28 research aircraft
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