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ABSTRACT

Results are presented from an application of the most recently developed H_control design methodology to

a stabilizing controller for an aircraft during take off in a windshear. The emphasis is on the formulating of

H _optimal control synthesis problem in the state space. Simulation tests are performed in a six degree-of-

freedom flight simulator for different windshear histories and different take off conditions, these results

demonstrate that the controlled aircraft could take off in windshear safely, and the designed controller pro-

vides stability robustness to both external windshear disturbance as well as the model parameters variation with

changes in flight conditions.
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1. Introduction

Control of an aircraft encountering windshear has gained con-
siderable importance in the recent past since the variable wind
has been found to be major contributing factors in many acci-
dents involving large aircraft. Studies have been carried out on
different aspects such as modeling and identifying windshear as
well as the design of controllers to enhance the chance for sur-
vival of aircraft while encountering windshear. As we know,
once the aircraft becomes airborne during take off, the pilot has
no choice but to fly through the windshear, so the study of con-
trol problem is important since it suggests the piloting strategies
for crew training and assists in the development of autopilots.

Primary among these studies, the so-called simplified gamma

guidance scheme and acceleration guidance scheme are devel-

oped in References [1] —[3] based on attaining near optimal
trajectories in the presence of a given windshear structure,
another approach to solving the problem has been via determinis-
tic control of uncertain system =7 the control of climb rate
by means of the deviation of angle of attack from its nominal
value is presented in Reference [4], in References [5] [6]
all the state variables and only the relative path inclination are sta-
bilized respectively by the control of angle of attack, Reference
[7] considers the stabilization of climb rate about a desired
value utilizing an adaptive strategy where only the climb rate
information is used. But the emphasis of all these papers are on
the feasibility of proposed control concepts, about how these
control schemes can be realized by actual aircraft control and
how to design the practical autopilots are not considered.

In the opinion of author, the control of aircraft during take

off in the presence of windshear is a problem of stabilizing the
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flight of aircraft while to make the absolute path angle as high as
possible, the latter can be realized by the power setting held at a
value which gives the maximum thrust, and the former problem
can be solved by the effective robustness control design theory
using only the elevator control. In this paper the new developed
H _robust control technique is applied to the guidance of aircraft
take off in the presence of windshear. Reference [8] presents
the robust integrated flight/propulsion control design for a
STOVL aircraft using H_control design method in frequency
domain, here the solution of this problem will be focused in
state space, and no a prior information or assumptions about the
bounds of the uncertain windshear is needed in deriving the con-
troller. Having obtained a control design, two windshear mod-
els and different flight conditions are considered. For all these
test cases the H_control is found to be strong robust control strat-

egy against the windshear encountered.

2. Formulation of aircraft during take off

The longitudinal dynamics of aircraft take off in variable
winds are modeled using perturbation equations written in body
axes. They are linearized about a reference equilibrium condi-
tion of constant flight speed, these equations may be written in

the matrix form
A7 (t) = AAz(t) + BAu(t) + E4w(1) (1

where Az is the perturbation state vector, Au is the perturbation
control vector, and 4w is the perturbation longitudinal wind
velocity vector, which is expressed in inertial coordinates and

assumed to be uniform over the length and span of aircraft.
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Ar = (Au(, Awe, Aq, AH, A(ST) T (Za)
Au= (48, 45,) T (2b)
aw= (4w, aw) " (2c)

r?

Where Au,, Aw, are the components of inertial speed in body
axes, Aw_and Aw_ are the horizontal and vertical wind compo-
nents respectively. In this definition, Aw_> 0 is tail-
wind, Aw, > 0 is downdraf't.

The simulated aircraft is a research aircraft Dornier-228-200
of 5700 (kg) gross weight. The linearization reference equi-
librium condition used for robust controller design is named con-
dition 1, here hy=15.24 m (50ft), 6, =5 (deg), &, =
100 (deg), 8,=0 (deg), v,=61.2m/s (120 ki), Vo=
9.16 (deg).

To test the robustness of designed controller in the flight con-
dition different from the nominal design case, another reference
equilibrium condition named condition 2 is also considered,
where hy = 15.24 m (50ft), 6, =5 (deg), &,,= 100 (deg),
8,,=0 (deg), v,=166.3m/s (130kt), ¥, =819 (deg).

The resulting modal characteristics are summarized in Table 1.

3. H _Control Design

3.1 General Theoretical Background

For a linear system described by the state equations

() =Az(t) + Bult) + Ew(t) (3a)
3, () =Dz (3b)
2, () = Dulr) (3c)
y(t) =Cax(1) (3d)

Where (1) € R"is the state ; u(r) € R"is the control ;

Table 1.Summary of natural mode characteristics of Do-228 during take off

Flight 1 2
Conditions
Mode short-period phugoid short-period phugoid
Eigenvalues — 14143 £ 2.12401 —0.0063 = 0.1673i — 1.5161 + 1.9798i —0.0112 £ 0.1547%
£ 0.5542 0.0376 0.6080 0.0722
w (rad/s) 2.5518 0.1674 24936 0.1551
w(rad/s) 2.1240 0.1673 1.9798 0.1547
7y T(s) 0.4900 110.0 04817 61.8750
7(s) 2.9567 37.5374 3.1720 40.5947
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Z2 A%% Z,
D1

w(t) € R%is the exogenous disturbance ; y(¢) € R is the mea-
sured output and z, (1) € R”, z, (1) € R” are the controlled
outputs.

The standard H_ optimal problem is concerned with constructing a
dynamic feedback compensator that these design criteria are satisfied.

(1) The closed loop system is asymptotically stable.

(2) The H_ norm of closed loop transfer function from w to

2, 2, is bounded by a prescribed positive constant A.
ir I, =4 (4)

Where the H_ norm |IT_ Il which is the popular performance
measures in optimal control theory, defined in the frequency

domain for a stable transfer matrix as
ir M, =gpo,, (T, (o)l (5)

and o, denotes its maximum singular value.

When D,'D, = I, if this admissible controller is existent,
the necessary and sufficient conditions are as follows o,

(1) The unique stabilizing solutions to two algebraic matrix

Riccati equations are positive semi-definite.

AX_+XA+D'D—X, (BF —ATEE) X,=0  (6a)
A +AYA+EE -y, (Cc—-A""D'D) ¥ =0 (6b)

(2) The spectral radius of the product of X_and Y _is less than AL
p (x,v) <A (7)

When these conditions hold, the controller may be construct-

ed by linear static feedback of the form

# =Ax + By (8)

u=Cux, 9
where

A=A+ A ’EE'X_+ BC.— BC (10a)

B=2zycC (10b)

C.=—B'X, (10¢)
and

zZ. = (—r"%rx)" ! (1)

The quantity x_ is the output of an observer-type system, it
may be viewed as the estimated state. The block diagram of

closed control system is illustrated in Fig 1.

3.2 Controller Design
During the flight of take off especially in the presence of
windshear, usually the full throttle is used, so the available

control input is only elevator angle 48, throttle control vari-

Fig.] Block Diagram of H_ Control

ables Ad, and 46, are dropped from the state vector and control
vector respectively. The detailed numerical expressions of A,
B, Eare giveninthe Appendix. Inthe model used for control

design, the measured output matrix
c=1 (12)

The design weights can be chosen by designer to reflect the
performance specifications given for the problem, the state
variables are penalized in the design so that good flight perfor-
mance will occur, the control variables are weighted so that the
maximum deflections and rates are indirectly included in the
problem formulation, if the limits are exceeded during normal
flight conditions, their weights in the design problem are
increased until all the limitations are satisfied. The nominal per-

formance weights are chosen as
D =1 D,=1 (13)

To construct the admissible controller, two Riccati matrix
equations are needed to be solved iteratively. A large initial
value of A is selected so that the Riccati equations can be solved
easily. As no technique is known to minimize the bound on H_
norm automatically so far, solutions should be found using
recursive iteration manually with decreasing the value of A, and
the algorithm is executed repeatedly until a desired value of A is
reached or until one of the Riccati equations no long converge.
The minimum A is found to be 1.175 (1.401 dB) in this paper.
The maximum singular value plot of the associated closed loop
and open loop transfer functions are shown in Fig.2, where all
singular values are given in decibels. It is clear the controlled
aircraft has better response behavior than the open loop system
when the frequency of windshear input between 0.03 and 40
(rad/s). The designed state space matrices of controller are

given in the Appendix.

4. Simulations and Discussions

For the purposes of examining robustness of H_ controlier,
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two general downburst profiles are used in the simulation test.

Model M 1.This downburst wind field model is referred to
Ref. 10, this model simulates three wind components in the
low-altitude wind field that have special variations in wind veloc-
ity similar to those measured in the atmosphere during severe
convective disturbances. As shown in Fig.3, v is 10 (m/s),
neither the downdraft exists outside the shear column of 600 (m)
radius, nor the horizontal flow higher than 300 (m).

Model M 2.This is the model in which Aw_and 4w are given
as functions of the time rather than position, the horizontal wind

is given by
Aw = —Aw sin(2mt/T,) (14a)
and the vertical wind is given by

aw_ =4aw, [1=cos2mt/T))] /2 (14b)
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Fig.4 Six Degree-of-Freedom Flight Simulator

where Aw  and Aw , are given constants reflecting the windshear
intensity, here Aw /Aw = 12/8 (m/s) is considered. T is
the total flight time through the downburst, usually it can be
taken as 60 (s). The windshear models M2 is also considered
inRefs. 4, 6, and7.

In the relative harsh climate conditions, there are also some
rough random turbulence existing besides the windshear. The
severe turbulence model from MIL-F-8785 B (30 m) is consid-
ered in the simulation test, the intensity of turbulence O™
1.43 (m/s), and the probability of exceedance is 10 %.

The performance of H_ guidance scheme for against winds-
hear is examined by a six degree-of-freedom ground simulator,
it is shown in Fig.4. For the application of dynamic H_ con-
troller, sample time is very important, in this simulation test it
istakenas 10 (ms), and the aircraftis assumed to be in an equi-
librium state before it encounters any winds, the longitudinal
motion is controlled by the designed autopilot and the lateral-
directional motions are eliminated by the pilot, the test results
are presented in Fig.5 to Fig.8.

For the relative weak windshear M 1 the test pilot does not feel
the effect of exogenous wind inputs when the autopilot is
switched on, the controlled aircraft can climb continuously

through the encountered wind field. For the relative severe
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Fig.6 Simulation Result of Aircraft Take off in Windshear M 2

windshear M 2 the aircraft flies deviating from the equilibrium
flight condition as affected by the windshear, but H_ controller
has enough robustness to suppress the deviations of state vari-
ables within certain ranges, as shown of Fig.6 (a), the mini-
mum value of airspeed v, is about 51 m/s (100 kt) which is
higher than the limited safe flight speed 40.8 m/s (80 kt)
greatly, and v, is the ground speed. Comparing to the normal
take off trajectory, there is some height increase in headwind
and some height loss in tailwind and downdraft, the maximum
height loss is about 45 (m) at the altitude more than 200 (m)
for the relative severe windshear M 2, these results are present-
edinFig.8. As the flight heightis high enough, it is not so dan-
gerous case.

The robustness of H_ controller applied in flight condition 2 is
also tested, these results are almost the same as in condition 1,
that means the designed controller has sufficient robustness to the

windshear disturbance in different take off conditions.
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5. Conclusions

A robust control strategy for an aircraft during take off in the
presence of windshear has been studied. An autopilot for
research aircraft Do-228 is designed by H__ control technique,
no a prior information or assumptions about windshear structure
or intensity is required. The simulation test results demonstrate
that the designed controller has sufficient robustness to both
external windshear which contains energy and is limited in scale
within certain range, as well as the model parameters variation
with change in flight conditions. The controlled aircraft is able
to tolerate moderate to relatively severe windshears, the safety
of aircraft encountering windshear during take off can be

increased greatly.

6. Acknowledgments

This research program was carried out at the National Aero-
space Laboratory under the fellowship of the Science and Tech-
nology Agency of Japan. The author would like to express much
thanks to Director of Flight Research Division Mr. T. Bando
for his guidance and encouragement, host researcher Mr. K.
Masui, seniorresearcher Mr. N. Okada, chief pilotMr. M.
Nakamura for helpful supporting and discussion throughout the
research, Mr. K. Funabiki and pilot Mr. Y. Terui for the
cooperation in the simulation study, and Mr. K. Ishikawa for
his help on the application of software. Also the author thanks
Dr. K. Takasawa and many other people who contributed sig-

nificantly to the realization of this cooperation program.

References

1) A. Miele, T. Wang, W. W. Melvin, andR. L.
Bowles, “Gamma Guidance Schemes for Flight in a Wind-
shear,” J. Guidance, Control and Dynamics, Vol. 11,
No. 4 (1987), pp. 320-327.

2) A. Micle, T. Wang, W. W. Melvin, “Optimization
and Acceleration Guidance of Flight Trajectories in a Wind-
shear,” J. Guidance, Control and Dynamics, Vol. 10,
No. 4 (1987), pp. 368-377.

3) A. Miele, T. Wang, W. W. Melvin, “Overview of
Optimal Trajectories for Flight in Windshear,” Control and
Dynamic System, Vol. 34, Partl, 1990, pp. 81-123.

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1273T

4) G. Leitmann, S. Pandey, “Aircraft Control for Flight
in an Uncertain Environment . Takeoff in Windshear,” J.
Optim. Theory and Appl., Vol. 70, No. 1 (1991),
pp. 25-55.

5) Y. H. Chen, andS. Pandey, “Robust Control Strategy
for Take off Performance in a Windshear,” Optim. Con-
trol Appl. and Methods, Vol. 10, No. 1 (1989), pp.
65-79.

6) G. Leitmann, S. Pandey, “Aircraft Control under Con-
ditions of Windshear,” Control and Dynamic Systems,
Vol. 34, Partl, 1990, pp. 1-79.

7} G. Leitmann, S. Pandey, “Adaptive Control of Air-
craft in windshear,” International J. Robust and Nonlin-
ear Control, Vol. 3, No. 2 (1993), pp. 133-153.

8) S. Garg, “Robust Integrated Flight/Propulsion Control
Design for a STOVL Aircraft Using H-Infinity Control
Design Techniques,” Automatica, Vol. 29, No. 1
(1993), pp. 129-145.

9) J. C. Doyle, K. Glover, P. P. Khargonekar, and B.
A. Francis, “State Space Solutions to Standard H,and H,,
Control Problems,” IEEE Trans. Aut. Control, Vol.
34, No. 8 (1989), pp. 831-847.

10) T. Bando, K. Tanaka, C. Hynes, and G. Hardy,
“Windshear Endurance Capability for Powered-Lift Air-
craft,” AIAA-93-3670, 1993.

11) H. Kwakernaak, “Robust Control and H_ Optimization-
Tutorial Paper,” Automatica, Vol. 29, No. 2 (1993),
pp. 255-273.

12} 1. R. Petersen, “Disturbance Attenuation and H_ Opti-
mization . A Design Method Based on the Algebraic Ric-
cati Equation,” IEEE Trans. Aut. Control, Vol. Ac-32,
No. 5 (1987), pp. 427-429.

13) P. P. Khargonekar, I. R. Petersen, and M. A.
Rotea, “H_-Optimal Control with State-Feedback, ”
IEEE Trans. Aut. Control, Vol. 33, No. 8 (1988),
pp. 786-78

14) P. P. Khargonekar, and K. Zhou, “An Algebraic Ric-
cati Equation Approach to H_ Optimization,” System &
Control Letters, Vol. 11, (1988), pp. 85-91.

15) R. K. Prasanth, J. E. Bailey, andK. Krishnakumar,
“Robust Wind Shear Stochastic Controller-Estimator,” J.
Guidance, Control and Dynamics, Vol. 15, No. 3
(1992), pp. 679-686.

This document is provided by JAXA.



Appendix

H _Control for Aircraft Take off in Windshear

The nominal design model of Do-228
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The designed H_controller matrices .
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