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Abstract: This paper presents a control design meth
with an eigenstructure assignment method. The resu

od that combines a adaptive predictive algorithm
Iting controller is applied to the Research Civil

Aircraft Model (RCAM) benchmark problem. An inner control loop is used to stabilize the aircraft,
and an outer control loop to get a softer and faster behavior. An outer control loop adaptation is
needed to get good precision, since the plant is nonlinear. Better performance, ride quality and control
effort results are obtained than when using constant gain in outer loop in the eigenstructure methods
and with previous predictive algorithms. Copyright © 2000 IFAC
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1. INTRODUCTION

Several flight controls for the Research Civil Aircraft
Model (RCAM) benchmark problem were designed
in the GARTEUR Project (Lambrechts, et al., 1997).
A successful approach was the Eigenstructure
assignment method (de la Cruz, et al.,1997; Doll et
al..1997) in the inner control loop and a constant gain
in the outer loop. The good results of this design can
be improved by a predictive outer loop: this is the
purpose of our paper.

Ride quality requirements are stringent: It is difficult
to have good tracking of a trajectory reference, while
keeping accelerations below some level. Control
actions must be applied before the reference changes,
50 a predictive control is necessary. Some predictive
control  designs have been tried (Perez, 1997;
Huzmezan and Maciejowski, 1997; Schram et al.,
1998) for a better trajectory tracking. In the case of
(Chow, et al., 1998), predictive scheduling control is
used for discrete changes in the set point. But this
method is prone to errors when changes are
significant and there are not gentle changes of
models. In some circumstances, in the landing
moment, the aircraft can not allow tor such errors.
Therefore, an adaptive control is needed to avoid
errors and sudden changes of modcls.

(\ state space (Krauss and Rake, 1995) represcntation
IS used, since this is a MIMO system. A state
Observer (kwakernaak, 1972; Astrom, 1995) is
employed.

First the adaptive predictive control design method is
presented. Later it is applied to the RCAM
benchmark problem and the results are shown.

2. PREDICTIVE DESIGN

The predictive control is a useful technique for
constrained  optimization problems ~where the
trajectory is known in advance. This is our case.
Among the several alternatives of predictive control
methods, the more appropriate for our MIMO system
is one based on state space (Krauss and Rake, 1995).
An incremental control signal, AU, is used, so an
integrator at the input is needed.

The predictive statement of the problem are:
- system state space equation

Xt +1)=A -X(@)+B-AU@)
Y()=C-X()
- if the future inputs are known, then it is possible to
predict future outputs

1)

X(t+2)=A Xt +1)+B-AUU+1)=
=A% . X(1)+A-B-AU@) +B-AUC+]) (2)
Yt+2)=C-X(t+2)

and so on if we use a predictive notation, Y(t+k|t) is
the predictive output in t+k calculated in ¢, we have:

241

g e AR R i v TR S s Al




Y(+k|t)y=

k
C-|A*-X()+ > AT B-AUC+k - jID )

j=

- a vector-time extension of this last equation is as
follows

Y(+1]1)

Y(r+2|t)

Yp()=|.
Y(+H, 3}
AU@®)
AU = :AU(z +1)
AU@+ Hec-1)
R()
Rir) = :R(t +1)
R(t + Hp)

[ C-B 0 0 1
C-A-B C-B

C-A#'.B C-AY%.B C'B

C_AHp-l .B C'A”p—z'B C_Allp—H(: 'B_

e
CA

C "A.Hc-l

C . AHp-l

Yp(t)=G-AU@) +F-A-X(1) O]
A cost function to be optimized is defined concerning
the desired behavior. It considers, with different
weights, reference tracking errors and inputs
increments (related to control efforts). We use two
weight matrices: I' for the reference tracking errors,
and A for the inputs’ increments.

H, is the prediction horizon, and H, is the control
horizon. Then, the cost function is:

H, 2 He ' 2
J(@ty= iiY(r +jI0-Ra+ i+ Y Jaue + jfy )

j=l j=l
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in a vector-time way, is:

J(t)=AU" (1)- [GT TG +A]~AU(:) -
2. -T-G-AU+E] T-F,

(6)

where E,(1) = R()-F-A-X() is the error of free
response without a forcing input. The analytical
solution of the optimization of J with respect to AU,
is:

AU (1) =K - Ey (1)
K=G" T -G+A)"-G"-T (7)
K is the controller gain matrix. The vector of future
control signals is simple. If there is enough time to
calculate it in each interval, then only the first
prediction of AU" will be used. The calculation time
can be further decreased by using only the first row
of K:

AU (r]1) = K(1,:)- Ey (8)
Predictive control lets include constraints, but then

there is no analytical solution, so the control law
must be calculated in real-time.

3. MATRICES ADAPTATION
Predictions are based on the model, so if the model is
not adequate for the present flight conditions, the
prediction gain can originate erroneous control
actions. For example, if the aircraft experiments an
important change in velocity, the valid model also
changes, and we must take it into account. This can
be done by a discrete scheduling. But a better
approach is a continuously changing matrix (Chow,
et al., 1998) to avoid steps in the control signals.
Prediction matrix F-A is adapted in every sample
time using as input data the past states. The
estimation formula (Astrém, 1972) is:

AG (k) = gp(k)e(k)

e(k) = y(k) =" () (k) ©)
where @ is the parameter vector, C-A"; g is the
adaptation gain, a very small scalar is used to simply
computation; @ is the data vector, in this case
corresponds to the state vector in the prediction
moment X(k-n); and e is the error of the prediction
y(k)-C-A"-X(k-n). Estimation is made for every
prediction, n={1,...,20}, in each sample time. The
estimated prediction matrices are used in the
predictive control.




4. APPLICATION TO THE BENCHMARK
PROBLEM:

_..4.1 Description of the Problem

The RCAM benchmark problem deals with a fairly
complex six-degree of freedom aircraft model. A
! complete description of the model can be found in
(Lambrechts, et al., 1997). With this model, different
flight conditions can be tested, including turbulences,
engine failures, etc.

Lateral and longitudinal modes are disconnected in
the model, so two separated controls will be
designed: one for the longitudinal movement, and
other for the lateral movement. The following
nominal trim condition has been chosen:

V=80nvs (velocity)

h=1000m (altitude) (10)
‘ mass=120000 Kg,

cgx=0.23 y cgz=0.1

The mathematical expression of the longitudinal state
equation for this trim condition is:

-0.9817 0 -0.0007 -0.0153 -24360 0.6131
1.0000 0 0 0 0 0
_ -22343 -97754 -00325 00744 0.1871 19.6200
7| 773559 -0.7727 -0.2261 -0.6685 —6.4784 0
0 0 0 0 -06.6667 0
( ] 0 0 0 0 -6.6667
0 0
0 0
B= 0 0
0 0
067 0
[ 0 067
q q
0 0
tig A YH +B.(6T] (11)
Wy wg St
Xy ] X
Xy \ X
1..000 0 0 0 0 0
0.0077 0 -0.0033 0.0076 0.0191  2.0000
C={-0.2601 0 -0.0230 -0.0681 -0.6604 0
0 —-79.8061 -0.0289 0.9996 0 0
Lo 0 0.9996  0.0295 0 0

q

A complete explanation of the states, inputs and
outputs are given in Lambretch, et al.,1997. The
lateral equation are given in the same reference too.
The RCAM design challenge consists of fulfilling an
approach to landing under various external
conditions (e.g., turbulence, wind, engine failure),
being robust against aircraft parameter changes.
There are five flight quality criteria to be met:
-Performance: tracking error and disturbance
rejection.

-Robustness: stability bounds with respect to
parameter variations.

-Ride quality: maximum allowable accelerations.
-Safety: envelope safeguards.

-Control efforts: energy consumed by control, fatigue
effects.

4.2 Design cycle

To solve the benchmark problem, the following
design cycle has been applied:

1. Select a linear model of the aircraft for the
desired trim condition. In our case the inner loop
is included in this model. This means that other
inner control loops can be used.

2. Establish the predictive control equations.

3. Tune the predictive control to get a correct
response. By off-line calculations, we obtained
10 sec. for both the control and prediction
horizon (thts value is near the rise time of the
plant with the inner loop control). A sample time
of 0.5 sec. has been selected (less time could be
better, but computation time in each interval
must be considered). Weighting matrices are
determined by running simulations. An
integrator is added to the input of the
longitudinal model. That is not necessary for the
lateral model.

4. Establish a state observer (Kwakernaak, 1972),
and integrate it with the model.

5. Test the controller under the non linear model.
The transient response is tested.

6. Tune the adaptation of matrices, using the results
of 5.

7. Test different conditions, using the facilities of
the RCAM simulation tools.

4.3 Controller structure

The controller inputs are the references and the plant
outputs. The controller outputs are actuators'
positions. Only longitudinal controller is shown,
lateral controller is similar. The details are as
follows:

references:
- V. velocity command
- Z.altitude command




plant outputs:

- Qpitch

- N, forward acceleration

- N, downward acceleration
- w, vertical velocity

- Z, altitude

- Va, airspeed.

actuators:
- DT ail plane deflection
- THROTTLE, engines throttle.

Figure 1 shows the structure of the longitudinal
controller, in terms of Simulink block diagram. This
diagram include the predictive outer control.
Predictive control need an extended state that include
altitude, the eigenstructure integrators states and the
predictive integrators states in addition to model
states which are estimated by an state observer.

4.4 Inner Loop

The Eigenstructure design (de la Cruz et al., 1997) is
a multivariable extension of the root locus method. It
allows for the decoupling between system modes. In
particular, this is important in the case of flight. In
addition to decoupling, the design method is able to
respond to other requirements related to transients,
magnitude and phase stability margins, etc. The
implementation of the design is simple, only one
feedback loop for each output is necessary.

In figure 2 a Simulink block diagram of the
longitudinal inner loop is shown. A silmilar structure
is applied to he lateral inner loop.

A control system combining these inner loops with
outer proportional gain loops, can not satisfy all the
problem requirements (opposite requirements imply
different tunings).
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Fig. 2. Inner control loop (eigenstructure)

4.5 Predictive outer Loop

The predictive block has three main components
(figure 3). The first component is a couple of shift
register that stores the next 20 reference values.
References must be available 10 sec ahead of time.
Other important component is the couple of predictor
blocks, Pred-h and Pred-Va, which predicts the next
20 free response values and adapts the prediction
matrices. A S-function will implement prediction and
the estimation of prediction matrices using global
variables. The last important blocks are the predictive
gains, that are calculated off-line by using the
predictive algorithm.

4.6 Results

The next figures show some of the results of our
control design. Figure 4 displays the response of the
controlled aircraft when a step of -3° is applied to
the commanded flight angle, gamma. Figure 5
displays the response to a step of 13 m/s in velocity,
Va. Both figures 6 and 7 are intended to show the
coupling between altitude and velocity: figure 6 is
the response to an altitude command step of 30m.,
and figure 7 is the response to a step of 13 m/s in
velocity.

o

Reg? ;

X
Fig. 3: Outer control loop (Predictive).
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Fig. 4. Step in command flight angle. w,(m/s) (a),
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Fig. 5. Step in command velocity. w,(m/s) (a),
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Fig. 6. Coupling for step in altitude. Altitude(m) (a),
Velocity(m/s) (b)
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Fig. 7. Coupling for step in velocity. Altitude(m) (a),
Velocity(m/s) (b)

In the figures, the step of reference takes place at the
10" second. As shown by the figures, the response
starts 5 seconds before the step. Compared to the
results of de la Cruz et al., 1997, rise and stabilization
times are shorter, so tracking performance is better.
Accelerations are also smaller, coming into the
specified range for good ride quality. Coupling is
smaller too. Only overshoot is worse, but this is not
going to happen because steps are not applied in a
real flight. Same kind of simulations has been done
to lateral behaviour and better results have been
obtained too.

Adaptation is necessary to avoid tracking errors when
the model changes. Next figure shows altitude
predictions when there is a step command of 13 m/s
in velocity. Figure 8, left plot, shows the evolution of
1%, 5" 10", 15" and 20" predictions without
adaptation. Figure 8, right plot, shows the same with
adaptation. In the first case predictions do not
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converge to the objective point, 0. The less future
predictions are negative and the more future
predictions positive. This mean that the final outputs
are going to be erroneous. In the second case all the

- predictions converge - to -the objective point, the - .

outputs will converge to the correct value.

It is interesting to point up the over-damped response
in the adaptive case. Different values for the
adaptation gain g generates different kind of
responses, in our case g =2.510".

Robustness criteria have been tested; figures 9 and 10
show these tests. Stability and good performance are
maintained for:
- centre of gravity variations between (& :means
aerodynamic chord)
- 0.5t <Ax<03l¢c

- 000t <Az<02l¢c
- mass variations between
- 100000 Kg < mass <150000 Kg

§ 10 15 20 25 N I 10 20 30 40
Time (second) Time (second)

Fig. 8. Free response prediction. Without adaptation
(a), with adaptation (b)
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Fig. 9. Speed robustness test.




Laterai slep response Altitude step response
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Fig. 10. Lateral & altitude robustness test.

5. CONCLUSION

A faster and softer response can be obtained with
predictive control, because it extends time for control
actions. When the plant is nonlinear, difficulties of
prediction appear, and a possible solution is to apply
scheduling, using a set of models. In this paper, we
go farther with this idea, using adaptation of
prediction matrices. Simulations show that our
approach demonstrates satisfactory results.

REFERENCES

Astrom, K. J. 1995. Adaptive Control, Addison-
Wesley.

Chow, C.M,, Kuznetsov, A. G. and Clarke, D. W.
(1998). Successive one-step-ahead predictions in
multiple model predictive control, International
Journal of Science.

de la Cruz, J.M., Ruipérez, P. and Aranda, J. (1997).
Eigenstructure assignment approach, RCAM
Part, in: Robust Flight Control, Lecture Notes in
Control and Information Sciences, Springer-
Verlag, 224, pp. 238-257

246

Doll, C., Magni J.F. and Le Gorrec, Y. (1997). A
modal multimodel approach, RCAM Part, in:
Robust Flight Control, Lecture Notes in Control
and Information Sciences, Springer-Verlag, 224,
pp. 258-277.

Huzmezan, M. and Maciejowski, J.M. (1997). Flight
management using predictive control, RCAM
Part, in: Robust Flight Control, Lecture Notes in
Control and Information Sciences, Springer-
Verlag, 224, pp. 379-396.

Krauss, P. and Rake, H. (1995). Design of a
multivariable predictive controller in state space,
3rd. European Control Conf.

Kwakernaak, (1972). Linear Optimal Control
Systems, Wiley-Interscience.
Lambrechts, P., Bennani, S., Looye, G. and

Moormann, D. (1997). The RCAM design
challenge problem description, RCAM Part, in:
Robust Flight Control, Lecture Notes in Control
and Information Sciences, Springer-Verlag, 224,
pp. 149-179

Perez de Madrid, A. (1997). A predictive control
approach, GARTEUR/TP-088-23.

Schram, G., de Vries, R.A.J., Cevaal, E. and
Verbruggen, H.B. (1997). Predictive control
applied to a civil aircraft benchmark problem.
European Control Conf.






