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Inverse Dynamics Control for Aircraft Take off and Landing

in Windshear*
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ABSTRACT

This paper is concerned with the guidance of an aircraft flight in the presence of windshear. Based
on following a nominal approach path relative to the ground, and subject to a minimum airspeed
constraint, two guidance laws are synthesized by inverse dynamics technique for take off and landing
respectively. Simulation tests are performed in a six degree-of-freedom flight simulator for different
windshear histories and different flight conditions, these results illustrate that the controlled aircraft
could take off safely and follow the nominal landing path approximately in windshear, and the
designed robust controllers are insensitive to both external windshear disturbance and the model
parameters variation with change in flight conditions. The different results between manual operation

and autopilot control for against windshear are also compared.

Key words : Simulation research, Flight control, Inverse dynamics control, Take off, Landing,
Windshear
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1. Introduction

One of the most dangerous situations for an aircraft
during flight is caused by the presence of low altitude
windshears associated with microburst phenomena. A
microburst is a strong, localized downdraft that
strikes the ground, producing winds that diverge
radially from the impact point. An aircraft penetrat-
ing through a symmetric downburst will initially
encounter an increasing headwind, followed by a
strong downdraft and rapidly increasing tailwind. The

effects of downdraft and increasing tailwind may
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easily exceed the performance capabilities of aircraft,
causing unavoidable accident, so the control of air-
craft encountering windshear has gained considerabel
importance in the recent past. Studies involved this
problem 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
survival of aircraft while encountering windshear.
As is well known, once the aircraft becomes air-
borne during take off, the pilot has no choice but to fly
through the windshear, so the study of how to control
the aircraft effectively is very important. Primary
among these studies, the so-called simplified gamma
guidance scheme and acceleration guidance scheme

are developed in References [1]-{3] based on attain-
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ing near optimal trajectories in the presence of a given
windshear structure, another approach to solving the
problem has been via deterministic control of uncer-
tain system' """, 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]06] all the state variables and only the relative
path inclination are stabilized respectively by the
control of angle of attack, Reference [7] considers
the stabilization of climb rate about a desired value
utilizing an adaptive strategy with only the climb rate
information is used.

For the control problem of aircraft landing in
windshear, studies have been carried out on two
aspects, ie., abort landing and penetration landing.
Clearly, if the initial altitude is high enough, abort
landing is a safer procedure than penetration landing;
on the other hand, due to the low nominal thrust
setting and engine time delay, it may not be possible
to abort the landing if the encounter altitude is low, so
proceeding with the approach is safer in this case. In
another aspect, the aircraft might have to traverse
only a part of the shear region during penetration
landing, but the aircraft might have to traverse the
whole of the shear region in the abort landing. For
abort landing another difficulty which should be over-
come is the detection of downburst, reliable downbur-
st detection and warning, especially by airborne for-
ward look systems is still the subject of research, the
downburst is difficult to detect until the aircraft starts
into it. Probably the most effective approach to the
accident prevention is still the pilot awareness and
training, the study of control laws is therefore helpful
since it suggests the piloting strategies for crew train-
ing and assists in the development of autopilots.

Among these studies the important efforts have
been made in the past to study the approach landing of
aircraft in windshear. In Reference [8] the problem
has been solved by using a dynamic optimization
method, in which the deviations from nominal altitude
path and airspeed are penalized; Optimization study is
conducted in Reference [9], and the limiting of wind-
shear cases for safe landing penetration are deter-
mined; A proposed thrust law that maintains the
inertial speed at the nominal value with the minimum
airspeed constraint is developed in Reference [10] by

using a simplified first-order aircraft model; Refer-

ence {11] determines the minimum airspeed along
the landing path during windshear using a tilted vor-
tex pair method; An active control technique is
presented for aircraft landing approach through the
wind field in Reference [12]; In Reference [13], a
combination of feedforward and feedback concept is
used to track airspeed and glide slope for aircraft
landing approach proceeding.

The main emphases of these papers mentioned
above involving the control of aircraft flight in wind-
shear are on the feasibility of the proposed concepts,
about how these control schemes can be realized by
actual aircraft control and the details of design of
practical autopilots are not considered.

In the opinion of author, the control of aircraft
flight in the presence of windshear is a problem of
stabilizing the flight path while the safe airspeed is
guaranteed, this control problem can be solved by the
effective inverse dynamics control theory, the mini-
mum airspeed constraint is considered by selection the
values of controlled command variables. No a prior
information or assumptions about the bounds of the
uncertain windshear is needed in deriving the control-
ler. As the power is set maximum during take off
especially in presence of windshear, only the elevator
control is determined by the designed control law.

Having obtained two controls design for take off
and landing respectively, different windshear models
and different flight conditions are considered. For all
these test cases the controllers are found to be strong
robust control strategy to against the windshear en-
countered.

2. General Theory of Inverse Dynamics
Control

For the form of general dynamic system
x(H)=A(x)+B(x)u(t) (1a)
y=Cx (1b)

where x=(nX1) state vector, u=(mx1) control

vector, y=(mXx1) output vector, A{x)=(nXx1)
matrix, B(x)={nXm) matrix, and C=(mXn) con-
stant matrix (m=n).

Defining the kth-order differentiation operator

L) as:

L (x0) = [F-L8 (1)) A x) (2a)
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Li(x)=x (2b)
L,(x)=A(x) (2¢)
Differentiating the individual element of y a suffi-
cient number of times until a term containing a u
appears.
y;=Cx=CAx)+CB(x)u

~

=CL, () + Gl L () B x)u (3a)

b =Cx=Cl7 Ly (0] AW +C 5 L ) 1B u

=CL () + CIA LBy (3b)

Y= Cx'=Cla L (x4 + 0oL (0] B u

=CL(x)+CIL (0]Bx)u (3e)

The differential order d; of system (1) can be
defined as follows for i=1,2,---, m.
al .
d=min{j:Cl5 L, (0)]Bx)#0; j=12"n}
4
After differentiating the m elements of output
vector y, each an appropriate number of times, the

output dynamics can be represented as

r 8 di-
y](dll C,]Lj‘(xl Cl G.X'LA (x)
e el | 162l
y[ = = ) + ox 4 B(x)ll (5)
y(dul
dm " A 1
m CMLA (.X) hCNTg-Ldm (,l)
X 4
Let
AT (x)=CLY (x) (6a)

B‘{‘_(x):a[(%_Li"l(x)]B(x) (6b)
This allows (5) to be rewritten as
yP=A*(x)+B*(x)u (7
For general system (1), if the decoupling control
law exists on real space R,
u(t)=—F(x)+G{x)v(t) (8)
where v(t) = (mXx1) vector, system (1) is decoupled
by the control u on R if the i th input v; affects only
the i th output y; for all i=1, 2,---, m, where v; and
y; are the i th components of v{(t) and y(£) respec-
tively. The sufficient and necessary condition for the
existence of control law (8) isthat B*(x) be nonsin-
gular on RUY,
If this is the case, then a series of matrices can be

constructed
Gix)={B*(x)]™! (9a)
F(x)=[B*(x)]'A*(x) (9b)

Substituting Eqgs.(8) and (9) to Eq.(7) and it can
be rewritten in the simple integrator-decoupled form.
y=v (10)
That means y is decoupled by u. The inverse
system model of system (1) can be represented as
x=[4(x)—-B(x)F(x)]1+B(x) G(x)v (11a)
u(t)=—F(x)+ G(x)v(t) (11b)
where v=y'? and u are the input and output of
inverse system respectively.
To improve the response behavior of output vector

Yy, the input v can be chosen as
d-1
v=- goP,-y“H- Py, (12)

where y' is the i th derivative of the output vector y,
and P; chosen as (mXm) constant diagonal
matrices; y. is the new external control input, valued

as the desired command of output vector. Therefore,

W

; v

7

d1
5 v:-}_.‘OPi_\W +Ry. Y s lu=-F(x)+G(x)v[ 2

>

+
=Ax)+BX)u+E(w) 3> C —t(?)—y—>

A

Fig.l Block Diagram of Inverse Dynamics Control
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the original system can be decoupled as a linear time
-invariant dynamics.
yo+P, .y 4+ Poy=Pyy. (13)

It is clear that as long as the coefficient matrices P;
(i=0.1,---,d—1) are chosen appropriately, Eq.(13)
has stable solution y.. Substituting Egs.{9) and (12)
into Eq.(8) vields the inverse dynamics control law of
general dynamic system.

Synthesizing the analyses above, the inverse
dynamics approach to develop the control system is

illustrated in Fig.1.
3. Equations of Motion

The longitudinal dynamics of aircraft flight in
variable winds are modeled using perturbation equa-
tions written in a hybrid coordinate system consisting
of combined body axes and earth axes. They are
linearized about a reference equilibrium condition of
constant flight speed, these equations may be written
in the form

Ax (t)=AAx) +BAu(t)+E(Aw)  (14a)

Ay=CAx+Daw (14b)
where Ax is the perturbation state vector, Au is the
perturbation control vector, and Aw is the perturba-
tion longitudinal wind velocity vector, which is ex-
pressed in inertial coordinates and assumed to be

uniform over the length and span of aircraft.

Ax=(Au,, Aw,, Aq, A, As)T (15a)
Au=(A6,, Adr)’ (15b)
Aw=(Aw,, dw;)’ {(15¢)
Ay=(Au,, AR)T (15d)

Where Au,, Aw, and Au, are the components of
relative velocity and absolute velocity in the body
axes respectively, Ah is the height deviation from the

nominal landing trajectory. Aw. and Aw, are the

horizontal and vertical wind components respectively.
In this definition, Aw.>0 is tailwind, and Aw,>0 is
downdraft.

The simulated aircraft is a research aircraft Dor-
nier-228-200 of 5700kg gross weight. For take off
flight the linearization reference equilibrium condition
used for robust controller design is named condition
1, here h,=15.24m(50ft), oJ,=5(deg), dr0=
100 (deg), J.0=0(deg), v,=61.2m/s(120kt), y,=
9.16(deg). To test the robustness of designed con-
troller in the flight condition different from the
nominal design case, another reference equilibrium
condition named condition 2 is also considered,
h,=15.24m (50ft), J,=5(deg), Sro=
100 (deg), J.=0{(deg), v,=56.1m/s(110kt), y,=
10.01(deg).

For landing flight the nominal condition used for

where

controller design is named condition 3, here h,=
152.4m(500ft), ¢,=30(deg), ¢ r=25.3(deg), dn=
0(deg), v,=42.33m/s(83kt), y,= —3(deg), a,=
2.95(deg). Another reference equilibrium condition
named condition 4 is considered to test the robust-
ness of designed control law, where h,=152.4m (500
ft), ¢,=20(deg). 6r0=23(deg), Seo=0(deg), v,=
44 .37Tm/s(87kt), y=—3(deg), a,=3.99(deg). The
height of flare switch point hs.=15.24m(50ft). The
resulting modal characteristics of flight conditions are

summarized in Table 1.
4. Control System Design

For the control problem of aircraft flight in wind-
shear, the flight path and airspeed are very important
for the safety of aircraft, and the designed controller
should exhibit normal behavior when there is no

windshear and responds in a safe manner to the

Table 1. Summary of natural mode characteristics of Do-228

Coildi;gt}iléns Take off Landing

Mode short-period phugoid short-period phugoid
Eigenvalues i —1.4143=2.12401 | —0.0063=0.16731 | —1.0081+1.45651 | —0.0144+0.2483i

& i 0.5542 0.0376 0.5691 0.0579

T

ws,(rad/s) 2.2018 0.1674 1.7713 0.2487

w(rad/s) 2.1240 0.1673 1.4565 0.2483

T, T.ls) 0.4900 110.0 0.6874 18.1250

T(s) 2.9367 37.53714 | 1.3117 ©25.2920
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presence of a downburst. Besides, for landing flight a
safe approach requires that the touchdown position be
close to the specified location and that the inertial
speed and sink rate at touchdown be reasonable. In
order to stabilize the nominal flight path, altitude and
inertial speed are chosen as two controlled outputs,
thrust and elevator are two controls. The guidance
problem is to regulate the following two outputs as
accurately as possible,

U (x)=Ah=h(x) —h.{(x) (16a)

Yo (x) =Aue=u (X)) — Upn(x) (16b)
and subject to various control bounds as well as a
minimum airspeed constraint:

Vs Z Unin (17)
where h,(x) and u..{x) describe the nominal flight
path, v, is the airspeed, the minimum airspeed is
limited omin=238.25m/s(75kt) to prevent the stall of
aircraft.

Altitude command value Ah, is selected to be zero.
The selection of a suitable (Awu,). value requires the
assessment of practical downburst characteristics,
when the windshear especially the tailwind is en-
countered, the airspeed will decrease greatly and may
be below than the allowed minimum airspeed while
the aircraft maintains the inertial speed. To insure the
controllability and to avoid stall, the airspeed must be
constrained above a certain minimum level, so (Au.) .
should be selected as the function of horizontal wind
encountered.

0; Aw,<0
AAw,, Aw>0
A proper value of A represents a compromise

(Aue)C:{ as)

between maintaining the minimum airspeed limit and
following the nominal flight path. A large A causes
the control to act as soon as the airspeed begins to
deviate toward the minimum value, the airspeed con-
straint is then well maintained at the expense of a
larger deviation from the nominal path. On the other
hand, a small 1 concentrates the control effort on
keeping the nominal path until the violation of the
minimum airspeed constraint is imminent. A conser-
vative dealing method is that (Au,) . can be selected
as the maximum value of tailwind speed especially the
tailwind is constant.

Generally speaking, the nominal airspeed is higher
than the allowed minimum airspeed greatly for nor-

mal take off, the minimum airspeed constrain is not a

Table 2. Diagonal elements of constant matrices of
control laws

Flight Phases Take off
Command Variables | P, | P | P | P | P | P
Au, 0 |0.45(1.65] 0 {2.45/0.25

Ah 0.55]0.65[1.0516.25]2.75[14.25

Landing

severe problem, usually A can be selected as zero,
except the encountered tailwind is very strong. But
during the approach landing period, the normal flight
speed is very low, in the simulation test of this paper,
A is selected as 0.65.

Using the series of aircraft motion equations, two
inverse dynamics control laws are derived by differ-
entiating Au, twice, and Ah three times. As
mentioned in general theory of control design, the
sufficient and necessary condition for the existence of
inverse dynamics control law is that B*{x) must be
invertible, so any flight conditions that cause it to be
singular must be avoided. For both take off and land-
ing problems involved here, | B*(x) | are positive
constants, so the inverse dynamics controllers can be
constructed.

The elements of constant diagonal matrices of
control law are chosen based on the response feature
of the controlled aircraft in windshear. These coeffi-
cients determine the closed loop roots of the system of

Eq.(13), they are presented in Table 2.
5. Simulations and Discussions

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

Model M1. This downburst wind field model is
referred to Ref.15, this model simulates three wind
components in the low-altitude wind field that have
special variations in wind velocity similar to those
measured in the atmosphere during severe convective
disturbances. As shown in Fig.2, 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). As this windshear model is fixed in the
space, the intensity of windshear is the function of
position. In the case of penetration landing, the initial
height is taken as 304.8m(1000ft) to test more severe
wind profile.

Model M2. This is the model in which Aw, and
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6 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1274T

Aw, are given as functions of the time rather than
position, the horizontal wind is given by

Aws=—Awysin2zt/ Ty) (19a)
and the vertical wind is given by
Aw,=AWy[1—cos 2t/ Ty)]/2 (19b)

where Aw,, and Aw,, are given constants reflecting
the windshear intensity, here Aw,/Awz,=12/8(m/s)
is considered. T, is the total flight time through the

Downburst
Center N R

Column

Fig.2 Structure of Windshear Model 1

Fig.3 Six Degree-of-Freedom Flight Simulator

downburst, usually it can be taken as 60(s).

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

The performance of inverse dynamics controllers
for different windshear models and different flight
conditions are examined in a six degree-of-freedom
ground simulator, it is shown in Fig.3. In the simula-
tion test, the aircraft is assumed to be in an equilib-
rium state before it encounters any winds, the longitu-
dinal motion of aircraft is controlled by the autopilot
and the lateral-directional motions are eliminated by
the pilot. Besides, the pilot manual operation for
against windshear is also tested.

5.1 Take off

During the flight of take off especially in presence
of windshear, the throttle is set maximum, so only the
elevator angle Ad. is determined by the designed
control law. These test results are presented in Figs.4
and 5.

For two windshear models involved in this paper,
the aircraft controlled by autopilot can climb continu-
ously, and the flight trajectories are more smooth and
more close to the nominal take off trajectory than the
manual operation cases. For the relative weak wind-
shear model M1, the test pilot even does not feel the
effect of exogenous wind inputs when the designed
autopilot is switched on. For the test case of pilot
operation in the relative severe windshear model M2,
as affected by windshear the aircraft flies deviating
from the nominal trajectory, the altitude profile is
characterized by an initial climb, followed by descend-
ing flight, and there is some unavoidable height loss,
that is presented in Fig.5(f). The results from the
test of autopilot case illustrate, the designed autopilot
has enough robustness to suppress the height devia-
tion within certain range, the controlled aircraft can
still climb smoothly while the minimum value of
airspeed v, is about 45.9m/s(90kt), asshown in Fig.
5(a) which is higher than the limited vn:» greatly.

5.2 Penetration Landing

The simulation results presented in Figs.6 and 7
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provide much insight into landing approach through a
downburst. As shown of the time histories of aircraft
controlled by the pilot, the aircraft flies deviating
from the nominal approach path due to the effect of
windshear, the height increases in the headwind and
decreases greatly in the tailwind and downburst. As
shown of the time histories of aircraft controlled by
the autopilot, the designed controller has enough
robustness to suppress the deviation of flight path
within certain small range even for the relative severe
wind field.

For the relative weak windshear model M1, the

maximum height decrease from the nominal path is

Pilot Test 1

Va(kt)

Pilot Test 1

A T

Ve(kt)
8

b

LF\PIIOI Test |
5! . i \ .
0

0 10 20 30 4 50 80 70 80

about 70(m) when pilot control the aircraft, but the
penetration landing path of aircraft controlled by
autopilot is almost the same as the nominal path,
these results are presented in Fig.6(g). For the rela-
tive severe windshear model M2, the tests are perfor-
med four times for pilot operation, two times are
successful, and two times unsuccessful. For the suc-
cessful penetration landing, as shown in Fig.7(g) the
minimum altitude is less than 6(m) above the
ground, if in the real flight it is also very dangerous.
For the penetration landing controlled by the auto-
pilot, the maximum deviation from the nominal land-

ing path is only about 5(m), while the airspeed is

H(m)

Pilot Test 2

Pilot Test 1

. . s \
1000 200 400 600 800 1000

Wx, Wz(kt)

10 20 30 40 50 60 70 80
t(s)

Fig.6 Simulation Result of Aircraft Landing in Windshear M1
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kept above the allowed minimum value, and the touch-
down point is almost the same of the specialized
nominal point. These results mean the automatically
controlled aircraft is able to capture the nominal
landing path in these wind scenarios approximately
even for the relative severe windshear while the safety
of aircraft is also guaranteed.

Simulations show there are some compromise
between minimum airspeed constraint and flight path
following, generally speaking, higher uni, requires
more control effort for airspeed, thus leaving less for
the nominal path following, but with too low a Unin

one runs the risk of stalling the aircraft in a fast-

Va(kt)

o \Pl]Ol Test ‘1 ! (@
0 10 20 30 40 50 60 70

Piltot Test 1 i |
§

.10 " . 2 - s L
0 10 20 30 40 50 60 70

1(s)

changing horizontal wind. Comparing these test
results of aircraft flight in windshear, the safety
problem of airspeed constraint for take off is not as
severe as the case of penetration landing.

The simulation results also illustrate that the con-
trol bounds limit the aircraft performance in wind
field. These control bounds determine the amount of
downburst energy that an aircraft can handle. For
take off flight the aircraft can not climb continuously
while some very strong downbursts are encountered,
and there are some unavoidable height loss. For pene-
tration landing case, a large downdraft causes height

loss thus calls for a large thrust compensation and

20 T T T v v T

(g)

Pilot Test 1
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N .
o 200 400 600 800 1000
X(m)
100 ——r .
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Fig.7 Simulation Result of Aircraft Landing in Windshear M2

This document is provided by JAXA.



10 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1274T

may cause a thrust saturation with the upper bound. A
strong tailwind makes it difficult to keep the mini-
mum airspeed while maintaining inertial speed as the
upper and lower bounds of thrust, that may cause the
aircraft to deviate from the nominal altitude path,
some very strong downburst may not be survivable as
these limitations.

Lastly, the robustness of controllers applied in other
flight conditions 2 and 4 are also tested respectively,
the response histories of aircraft are almost the same
as in conditions 1 and 3, although the controllers
are not designed on these conditions, but they still
have sufficient robustness to the windshear distur-
bance. As the nominal airspeed in condition 4 is
higher than condition 3, the aircraft has higher capa-
bility to against the windshears. These guidance laws
are indeed insensitive to both different windshear

models and flight conditions.
6. Conclusions

The proposed guidance strategy for an aircraft
flight in the presence of windshear has been studied.
Two autopilots for research aircraft Do-228 are
designed by inverse dynamics control technique,
which maintain the nominal altitude and inertial speed
as functions of horizontal distance, under a minimum
airspeed constraint, and no a prior information or
assumptions about windshear structure or intensity is
required. The proposed guidance strategy exhibits
normal behavior when there is no wind, maintains the
flight path as accurately as possible in the presence of
different downburst profiles. The choice of minimum
airspeed constraint presents a compromise between
following the nominal path and preventing the aircraft
from accidental stall. Control saturations determine
the limits of the balancing effects of any control
strategies, some very strong downbursts cause some
unavoidable height loss for take off, and also are not
penetrable for landing.

The simulation test illustrates, the designed control-
lers have sufficient robustness to both external wind-
shear which contains certain energy and is limited in
scale within certain range, as well as the model
parameter variation with changes in flight condition.
The controlled aircraft is able to tolerate moderate to
relatively severe windshears, the safety of aircraft

encountering windshear can be increased greatly.
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