ICAS-96-3.6.2

AILERON TO RUDDER INTERCONNECTION WITH ANALYTICAL REDUNDANCY

Alvaro P Oliva

CNPq - Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico

Universidade Braz Cubas - Computer Science Department

Brazil

ABSTRACT

This work illustrates how analytical redundancy can be included in an aileron to rudder interconnection flight contro!

system. The work starts with an ARI system already designed and suggests how to include redundancy in the system

without extra sensors. For the inclusion of redundancy a robust observer is designed based on the linear lateral

directional aircraft mathematical model. The robust observers designed to be included in the system maintains both,

the stability and the flying qualities of the sensor based system. Three observer based control laws are designed and

evaluated against the sensor based control law with respect to stability and flying qualities. With this design the

system is able to support the failure of two sensors and still giving the same performance as the sensor based system.

Introduction

The ARI, aileron to rudder interconnection, is used in
order to minimize sideslip in manoeuvres where aileron
is used. So in lateral-directional flight control systems
an ARl is included and used together with a roll damper
and yaw damper. In this way the lateral-directional
flight control systems needs in general three sensors, for
roll-rate, bank angle and yaw-rate, and if there is a loss
of a feedback path, then the aircraft flying qualities will
be seriously degraded and in certain cases even the
aircraft safety is implied. In view of this it is desirable to
include some degree of redundancy in the lateral-
directional flight control system. This work shows how
such redundancy can be included without adding extra
sensors, that is, including analytical redundancy by
means of robust-observer-based control laws. These
observer-based control laws have been designed by using

the Doyle-Stein! observer and the idea of RynaskiZ.
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So in the event of a feedback path loss the system has
alternative reversionary control laws that maintain the
same stability and flying qualities as given by the sensor

based control law.

Control Law Structure

The control law structure used in this work to obtaiu the
results has been obtained from McLean3 and is showed
in figure (1). As can be seen is a simple roll-damper and
yaw damper with ARI included. So this is the sensor
based control law, the design of such control law is
discussed in the appropriate references, as McLean3 .
McRuer? and many others related to ARI design. As can
be seen the control law uses three sensors, and if some of
then are lost the aircraft performance will be serious!:

degraded.
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Observers Design

Three reduced order observers can be designed, one
using roll-rate as input, the second using yaw-rate as
The

lateral directional aircraft mathematical model used is

input and the third using bank-angle as input.

given by,

x=Ax + B,S, +B,0. M
with the state vector givenby xT=[ B pré¢] (2
It is known that the Doyle Stein observer has its poles
located at the open loop transmission -zeros of the
aircraft. In this particular aspect this study is interesting
because in the longitudinal case, the open loop
transmission zeros are located on the left half of the s-
plane, and in this case there are some transmission zeros
located on the right half of the s-plane. However as
mentioned by Maciejowski5 the design works quite well
if these transmi_ssion zeros are located beyond the
operating bandwidth of the system as finally designed.
The aircraft example used is the same used by MaLean

and the appropriate data is,

-0.056 0.0 -1.0 0.042
-1.050 -0.465 0.39 0.000
0.600 -0.032 -0.115 0.000
0.000 1.000 0.000 0.000

B;T=[0 014 0008 0]
B,T =[0.0022 0.153 0.475 0 ]
The observer dynamics is given by,

z=Fz+Gy+H 8, +H )

and the estimated state vector is simply,

Xy =My + Nz @)

The design method is described in Chen® , and
y=Cx &)
To design the observer the aircraft dynamics is

partitioned in the form,
X1 =Aj1 X1+ A1 X +B11 8, + By 8 ©)
Xy =Ag1 X1 + Ay X3 +B)1 83+ By &y )

where y = x7 is the sensed state and xj is the state
vector to be estimated. In table (1) the open loop
transmission zeros are listed in order to be used in the
design. The design was performed by choosing the poles
of the F matrix as the open loop transmission zeros of
the aircraft as a first attempt. Then choosinga G in
order that the pair ( F, G ) be controllable. After these
steps have been performed a transformation matrix T is

obtained by solving a Lyapunov equation as,

FT+T(-A)=-GC @&
Then H) and Hy are obtained from H, that is obtained
from, H=TB (9)

Then M and N are obtained from,

x=Plpy 2T (10)
With the help of table (1) it is possible to choose the F
matrix of each observer. So in the case of y = p the
observer poles are chosen as : -0.0966 X i 0.8114 and
-1.204 as a first design attempt. With this choice the
system performance was then assessed with respect to
tracking, regulation and frequency response. This choic»

has showed a good performance with respect to tracking
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and frequency response, however not with respect to
regulation.  In view of this fact the complex pole

(-0.0966 *i 0.8114 ) was not used and it was replaced
by -0.01 as an approximation for the transmission zero
located at 0 and -5 as the third pole of the observer, this
third pole was chosen by looking to the system
performance. With this choice the system has a better
performance in the regulation characteristic maintaining
the good tracking performance and the same frequency

response as obtained with the sensor based control law.

In the case of y = 1, the observer poles are the following
. =0.7752, -0.5894 and -10, and this choice was good
enough with respect to all aspects, again the pole at -10

was obtained by looking to the system performance.

Finally in the case of y = ¢ the poles are chosen as -1,
-1.204 and -10. The pole-at -10 was chosen in order to
approximate the transmission zero located at infinity and
the pole at -1 was chosen in order to obtain good

regulation characteristic.

It must be noticed that in the case of y =r a pole at

= -10 was chosen, this was due to the fact that in this
case there are only two transmission zeros in the left half
s-plane; and so the third pole was taken in order to
approximate the infinity and taking care to not degrade
the system performance with respect to the sensor based
control law. Then the observer F matrices are identified

as F forthecascof y=p, F forthecaseof y=r,
and finally F¢ for the case of y = ¢ , and they are the

following:

Fp = diagonal (-0.01, -1.204,-5 )

F; = diagonal (-0.7752 , -0.589%4 , -10)
F¢ = diagonal (-1 , -1.204 ,-10 )

The matrix G was chosen as, GT= [111], forthe
With these F and G the Hy and H,

matrices obtained are the following :

three cases.

Inthecaseof y=p;

H;T=[-0.1124 0.2030 0.0308 ]

HyT=1[050 0 00376 ],

Inthecaseof y=r ;

H;T=[00 -0.1357 0.0009 ]

HyT = [-03123 0.001 0.0477] ,

Inthecaseof y =¢;

H;T=[-0.296 0.168 -0.0015 ]

HyT=10145 0 -0.0017 ] .

The M matrices obtained are the following :

In the case of y=p; MpT= [ -352 6.0 1265 ] ,
Inthecaseof y=r ; M, T = [ 18.48 7.69 329.87 1,
Inthecase of y=¢: M¢T= [-173 116 62 1] .
The N matrices obtained with this design are the

following :

[ 0.0275 0.314 14.00
N, =| 0.0776 1.730 -38.1
| 176 3.63 -74.9
[ 0.426 -0.0822 -186.80
N,.=| 4340 -12570 -108.25
| 4415 -2.960  -3572.6
239 -590 198.20
N,=| -037 087 -119.1
-43 83 -873

In this way the observers design are completed and they

can be used together with the control law showed in

figure (1).
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Observer-Based Control Laws

With the three reduced order observers designed it is
now possible to design three observer based control laws
and then the required redundancy, with respect to sensor
failures, can be introduced in the flight control system.
The observer-based control law when the aircraft output
is considered as roll-rate will be called CLP, the observer
based control law when the aircraft output is yaw-rate
will be called CLR and finally the observer based
control law when the aircraft output is bank angle will be
called CLF. In ﬁgurei ( 2 ) the CLP control law is
showed as an example.

Similar figures can be drawn for the caseé of CLR and
CLF. In this way with only three sensors, one for roll-
rate, one for yaw-rate and one for bank-angle there are
This

allows the system to support two sensor failures and still

three alternative observer based control laws.

working with the same level of stability and flying
qualities. The closed loop system can be represented by :

X = Ax+Bjé4+By1g (11)

with the state vector x given by :

xXI=[x, x, 8, & Sryd Oref 2]

Performance Comparison

In order to assess the performance of the three observer
based control laws with respect to the sensor based-
control law a comparison of the sideslip ( B ) time
response to a step in the commanded ¢4 , of the sideslip
time response for an initial sideslip perturbation, that is,
a beta-release response, and of the bode plot of the
frequency response obtained with the transfer function of
B/ q is showed. So in figure ( 3 ) these responses are
showed for the sensor based control law, in figure ( 4 )
they are showed for the observer based control law CLP,

in figure ( 5 ) they are showed for the observer based

control law CLR and finally in figure ( 6 ) they are
showed for the observer based control law CLF. From
these figures it can be noticed that the same flying
qualities are maintained with any one of the observer
based control laws and so not only stability robustness is
assured but also performance robustness.

These figures show that the frequency response is the
same for any of the control laws, the step response is also
the same for any of the control laws and finally the beta
release is almost the same, however the regulation
performance is not affected, and can be made the same
by redesigning the observers by means of changing only
the observer poles that have been choose based on the
system performance. So the observer based control laws
are able to maintain the same flying qualities as given by
the sensor based control law. A comparison of the M
matrices of each observer shows that the observer with

y =r has some disadvantage with respect to the others,
since it has terms of higher magnitude and so it is more
dangerous in the event of a sensor failure. The observer
that gives M with elements of lower magnitude is when
y = p, followed by the M of the observer with y =¢. A
comparison of Hj and Hj matrices of each observer
shows a similar magnitude for the three cases, and so
very close to zero as required by the Doyle-Stein

observer.

Redundancy Aspect

As noticed it is then possible to include a certain degree
of redundancy in the system by means of these three
observer-based control laws. So in this way it is allowed
to the flight control system to support a double sensor
failure and still maintaining the original designed flying

qualities and stability characteristics.
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In the event of a roll rate sensor failure the system can
switches to CLR or CLF, if then it happens a yaw rate-
sensor failure the system can switches to CLF, and
similar cases are obvious. Using the notation SBCL for
the sensor based control law, the following situations are
then possible :

SBCL -» CLR - CLF

SBCL - CLF - CLR

SBCL — CLP - CLF

SBCL —» CLF —» CLP

SBCL » CLP —» CLR

SBCL —» CLR - CLP

Conclusions and Observations

The research has shown that redundancy can be
introduced analytically in the lateral directional flight
control system maintaining the original flying qualities
and stability by means of the guidelines given to design
a Doyle-Stein observer, that is, a robust observer.
Obviously the observer parameters must be scheduled
with flight conditions in order to maintain the robustness
obtained. The main aspect of the research is that some
of the open loop transmission zeros are located in the
right half s-plane and so here it has been showed that the
Doyle-Stein observer also works in these cases. Similar
time responses for the other state variables have been
obtained and it has been assessed against the sensor
‘based control law responses resulting in a very good
agreement. It must also be mentioned that an observer
based control law with sideslip input to the observer
could also be designed, however it was not used here due
to the fact that sideslip sensors are not used in general in

flight control systems.

Control Law Data

The following data are with respect to figure ( 1). The
aileron actuator transfer function is given by :

10/ (s + 10 ). The rudder actuator transfer function is
givenby : 4/ (s+4). The yaw-damper wash-out
transfer function is given by : s/ (s + 1) . The cross-
feed wash-out transfer function is givenby : s/ (s+20)
And finally the gains are the following :

Gp=9.5156 ; Gr= 10 ; Kcp= 0.035 G¢ =1 and

Kfa = 10.
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Tables and Figures
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figure 1 - ARI included in the lateral-directional flight control

system with sensors of roll-rate ( p )}, yaw-rate ( r)
and bank angle ( ¢ ).

TABLE 1 - OPEN LOOP TRANSMISSION ZEROS
T.F ZEROS
p/aa -0.0966 i 0.8114 0
/S " 2.2588 , ~1.204 , O
r/8, 0.407 £ 1 0.678 , -0.7752
r/§_ 0.0304 + i 0.2452 , ~0.5894
$/6_ | —0.0966 & 1 0.8114
¢/6r ~1.204 , 2.2588
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figure 2 - ARI included in the lateral-directional flight control

system with observer-based control law CLP using only
roll-rate as input .

1278




O L xyv—ryrr T T T T T YT 0,1 T T
% sob oo _ E” 0.05
3] . )
3 L S B Ohko/ eI\ e
= . sensorbased . 7 i
& 100} i icontrol lawi . 3 sensor based
g At S " .0.05F ..controllaw . -
P RESPONSE FOR A STEP
INPUT OF ¢
_150 Lol Lttt 1o i L i Lilty S EERT| _Ol A 1 d,
10! 100 10! 102 5 10 15 20
freq(rad/s) time(sec)
200 ’ l llllll l L4 ‘IIYlV_lr T T IIY![? 1 T T L
sensor based ' sensor based
control law - — 05} control law -
= €0
3 2
b} [7:3
£ 3
400 - S 0.5k -
‘ B RELEASE RESPONSE
_600 RS EIT i L LRI It 1 1 iii) _1 i L 1
10t 100 10! 102 0 5 10 15 20
freq(rad/s) time(sec)
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figure 4 - flight control system performance obtained with the
observer based control law CLP
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