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Design of CCV Adaptive Flight Control System under Microburst Type Disturbances
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Abstract

In this paper we deal with a design of CCV
adapltive flight control system having adaptive
observer under the wircroburst circumstances.

First, based on the observerbility indices of
the controlled system, which is a general multi-
variable one, the adaptive observer is constructed,
and the unknown interactor matrix can be estimated
by using the-identified parameters. Next, CCV
adaptive flight control law is calculated based.
upon the estimated ones. .

Finally, the proposed CCY adaptive flight con-
troller is applied to STOL flying boat and numeri-
cal simulations under the microburst circumstances
can be shown to justify the proposed scheme.

1. Introduction

"A design of CCV adaptive flight control
system having unknown interactor!’” was already
published by the authors, and the adaptive flight
control system was designed based on the direct
conlrol method?’. With the above design, if we try
to construct SAS and CAS3’, it needs the construc-
tion of the same adaptive flight control systenm
again. But, when an adaptive obsever?»*’ which can
estimate the unknown paremeters and state values
of the aircraft with only signals of inputs and
outputs is designed, various closed-loop control
systems can be realized with the information of
this adaptive observer.

In this study, we propose a design of CCV
adapltive flight control syslem having adaptive
observer under Microburst type distrubances5’-®,
which often causes the aircraflt accident during
landing and taking-off. Tirst, the longitudinal
equation of aircrafl motion is shown. Secondly, by
using the observability indices of the controlled
system, which is a general multivariable one, the
adaptive observer is constructed, and the unknown
interactor matrix can be estimated using the
identified parameters. Third, the CCV adaptive
flight control Jaw is derived by using the
estimated ones. Then, a simple design of the
controlled system using the above information of
the adaptive observer is shown. Finally, the
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proposed CCV adaptive flight controller is applied
to STOL (Short Take-off and Landing) flying boat
and numerical simulations under the microburst
circumstances are shown to investigate the
feasibility of the proposed approach.

2. Longitudinal equations of aircraft motion
Let the state vector, x(t), be defined as
x(t) = [u(t),w(t), 8 (1),a()]” (1
where u(t) is the aircraft velocity in the direc-
tion to X-axis (m/sec), w(t) is the velocity in
the direction to Z-axis (m/sec), 8 (t) is the pitch
angle (rad) and q(t) is the pitch rate (rad/sec).
~ Further, suppose that the elevator angle & .(t)
(rad), the flap-aileron angle &(t)(rad) and the
throttle variation (%) are dealed as the input
vectord (t), it is described by
S(1) = [d (1), S (1), 6 ()IT ¢2)]
Generally, the equation of aircraft motion
using the stability axes is given with the state
vector3’ by

X(t) = AX(t) + B (L) ')
where
£ X Io - 0
hes | L Tu 0 U
0 ] 0 1

[ MutMaZa MotMaZe 0 MotMalo

Xs . Xs . X5\
Bex| Lo ls, Ly,
0 0 0

Mals g, Ml s Hels g,

In the above, X., X, Zd oo in the matrix Ac
and B. are the stability and control derivatives.
Considering CCV-mode, the output is given by
y(t) = Cx(t) C))
where, y(t) = [u(t), w(t), 8(t)]T
1 0 0 0
C= 0 1 0 0
0 0 1 0
Next, the discrete-time expression of Egs.(3) and
(4) is considered. Let the sampling time " T ",
Eqs.(3) and (4) are given by?’
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Rk+1) = A K(K) + b 8 (k) (5)
y(k) = € x(k)

where
= ezAcT

[y}

(6)
. STeAcT(T-T)BC dr

Q
and this system is controllable and observable.
The longitudinal CCV-mode®’ :3’;

Let the aircraft motion modelled as Multi-
Input and Hulti-Output, let the other control
loops added to existing Single-Input and Single-
Qutput feedback control method in order to improve
the performance, applying Active Control Techno
logy (ACT) since the beginning of the design of
aircraft, and the aircraft form is constructed
based on this idea. The aircraft which can realize
"new ways to fly ( CCV-mode )” different from
existing basic ones, is called "Control Configured
Vehicle (CCY)™, it can realize Direct-Lift (An)
mode, Fuselage Pitch Pointing (o 1) mode, Vertical
Translation (a 2) mode.

3. Construction of the Multi-variable Adaptive
Observer
In this paragraph, we show a construction of
adaptive observer which estimates the parameters
and state values of the syslem with only signals
of inputs and outputs, and the identification of
the interactor? +19 which plays an important roll
on model matching of multivariable system.

3. 1 Fornulation of the Problen

Eq.(5), withoul loss of generality, is also
described by?

x(k+1) = Ax(k) + BJ (k) D

y(k) = Cx(k)
where state value x(t) €R™ is unobservable and
input signal u(t)€R™ and output signal y(t)eRr”
are observable. And,

x(k) = IxiCk) x206) 0 xa(k)]T,

A= (M), i=L1,2,--,r k=1,2,-,r
t
; dy-1

Avy = | =8y yoommmo - ep?*

00
A = (-2 0)
C=1hy 0 hp O -

R (1 k)
hy 6], W =.[hy ho <o hl

T

hy = (0 .01 x +x), x ;non-zero element
T

e = [as!_l.k Crt 8o, ghd -1k ]

s1= det dq + -0 # d, (do= 1 )

where, n=4, m=3, r=1 and d, is the observability
index.

The purpose of this paragraph is to design an
adaptive observer which estimates state variable
x(k) of the system (7) with observed signals of
inputs and outputs, and the identification of the
interactor?’ 19 and identifies unknown parameters
(avk,B,H).

Defining, X,(k)=[xno(k) Xsl(k) e
Then output Eq.(7) becomes

y(k) = Hxa(k) (8)
where I has certainly an inverse matrix based on
that structure.
And, Eq.(7) is devided to following "r” subsystems.

AU = 3 Acxt(R) + Bys (k) (3)
t=1

xe, (I

gy () = Cixt 0+ haxe(k) , (121,2,00,0)  (10)
where, '
X'(R) = Dxe, (O e ey ra -1 (O]
T2 (10 ---0) € "N
b By
We| Bl + 0o, B=| B2
i, B

Further, taking notice of the structure of Ave,
Eg.(9) becomes

x* (ke 1) = Anax! (6
TR PO TE ORI

t=1(tkt

Introducing the design paramerter " A" and
using the relation of Eq.(8), Egs.(10) and (11)
can be described as follows?®’.

2V (k+1) = Aszik) + K'y(k) + LPo (KD

yi(k) = Plzt ) + 7 'y(k) , i=1,2,- 0,1
where

2yer®, Pi= (11 e 1),

y! As=diag(- 2 3),j=1,,ds

I-i=1,- |72 L¢20, Ay# A, for i#t

Y yi=(xo0x G0000)

The telation between Eqs.(10),(11) and Eq.(12)
is described with nonsingular transformation
matrix Ty (A) as follows.

(k) = Te(A)z2 (k)

By = TZ(A)L!

K' = a (D! : (@D

are = ~Th(A)a e

a1y = Ty(A) a1 = D (A)
where

ay = [ayy vz v @i

Tv(A) = [C1(A4) Ci(Ay) +Ci(lan)]

CI(A) = [ 1 Di(A) ]

L'z (LI Ly - Lal RTYTT

K' = (K} Ky oo- Ky} ORTY

Therefore, the problem of the design of an
adaptive observer is to introduce the adaptive
method which identifies unknown parameters
(K*',L',y!) with the input signal and output
signal, and which estimates the internal state
z' (k).

(12)

3, 2 Construction of the Observer
At first, defining the following state
variable filter.
Volk+1) =AoVa(k) +P.y(K)T , Vo(0)=0
Wolk+1) =A oWo(k) +PoF (K)T, Wo(0)=0 (1
0 o(k+1) =A o8 o(k), 8,(0)=[1 t- 1]7
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where Vo(k)ERI*T, Wo(k)ERI*™, @ ,(k)€RS, d =

Max(d,,i=1,2,++,r) is the maximum observable index.

~Using this signals, Eq.(14) beconms

2V (R)=K' @V (K)+L' @W (k) +z5® 8 ' (k) (15)
i k) = Pizi(k) + ¥ ty(k)
= g Ty k), i=1,2, 0,1 (16)
where

vi(k)ler®r™”
« wa(k)JERT"

VIO=(Ta, V()= (Vi) -

W O=(Ta, OWaCk)=[witk) -

81 (k) = (Ta, 00 o(K)ER™

ng - [K;T K:T LiT L.:.T z(,)'r ;,T]

7Tk = (TR e vATCR) wiTCK) e
w k) 61Tk ¥ (k)]

Y = (Lt YTyt =0)

yrk) = (yik) yalk) - vy (kD)) (¥1(k)=0)
The simbol @ means the sum of the product of cor-
responding elemenl of an each row.

Corresponding to Eqs.(15) and (16), defining
the following adaptive observer.

20 (K=K (R @V (KL (K)@W (k) +2.(K)® 6 ' (k)

an

Fik) = 8K 7 (KD,
where ‘

200 = (KGO e KNGO DT e

IO RTHE AR (%)

Cosidering Lhe relation of Eqs.(16) and (18),
the following recursive least estimation method is
used as the adaptive algorithm?’ -4,

gHCkH]) = 30(k) + QU (k) 7 Mk D) [y (k1)

ST e e (ke D) (1)

i=t1,2,.,r (18)

R CkeD) = QUCO-RI(K) 7 M(keD) 7t (ke D) -
Q' (k)/ & ' (ke 1) (20)
g (k)= 14 9t (k1) (K) 7 ke 1) (21)

where, Q%(0) = Q'7(0) > 0.

Using this adaptive algorithm, if the signal
7Y(k) is bounded and sufficientiy rich, it gives
following equations3’

(L 8100 = g (22)
Lin 2'(k) = 2'(k) , i=1,2,--+,r (23)

Next, we show Lhe detail!? 1°> to decide the

interactor with the identified A(k), ﬁ(k) and 6(k).

(Step 1); consider the time-shift of the output
yi(k). )

291 ()=COARI R (k) +C1 (kDBCK) 8 (k) (24)
where, z is the time-shift operator.

Setting the above equation to the following
equalion formally

zyl(k)=a;:‘(k)x(k)+ﬁ;:‘(k)d (k) (25)
Then, if é;:‘(K)# 0 in the above equation,
set fyy = [y, and go to next step.

If C;''(K) = 0, differentiating it again, the
the following equation is obtained.

z’ﬂly,(k):&{;'(k)x(k)+6;;'<k)a (k) (26)
where, 6;:‘(k)¢ 0.

setting fy,=f¢, where f,, is integer and El(k) is
the i-th matrix of E(k), go to the next step.

(Step 2); doing the same detail as Step 1 about
y2(k), the following equation is obtained

2 21y2(0 28,2 (0x(K)+6:2 (k) & (k) @n

(Step 3); if ﬁ;;‘(k)# a 2,6;; (K)ot 21#0),

set f,,=f2 and do the same detail since Step 2
about ys(t).

if, é;;’(k)=a ;1ﬁ;;(k), go to next step

(Step 4); doing the same detail as Step 2 about
new output -« z,z"yl(k)+zf2’y2(k).following equa-
tions are obtained
@ 2a2t 1220 2y (k)4 Py (k)
= 42 (0x(+C22 0 8 () (28)

And do the same detail since Step 3 again
about this new cutput.

Repeating the above detail until getting y.(k),
the following equation is obtained.

Nr (2, 1)y () =D ()X (k) +C7 (k) & (k) (29)
where

Br (k0= [(71 (0D, (8r2(K0)T, -+, (7 CR)TIT

Cr(k0= [(E5 1G0T, (Er200)T, -+, (BT (K)TIT
where Nt(z,k) is lower triangler matrix which the
diagonal elements are all zf‘, and the elements of
the i-th column can be divided by z'' or are all
A?sé, it means that k™ is an estimated interactor
based on the identified A(k), B(k) and CCk).

4. Construction of the Adaptive CCV Flight
Control System

In this paragraph, at first we show a con-
struction of the system with known parameters and
the expantion to the adaptive system with outputs
of adaptive observer proposed in the former para-
graph. Also, we consider a flight control system
with deterministic disturbances because the air-
craft is continuously effected by wind gust during
flight:

4. 1 Formulation of the Problem

Considering following equations with distur-
bances like wind gust based on the discretized
equation of motion (7) which lets the aircraft
regarded as the controlled system.

x(k+1) = Ax(k) + Bu(k) + Dv(k) a0

y(k) = Cx(k) )
where, v(t)€R" is the bounded deterministic dis-
turbances like step type, ramp type and accelera-
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tion type as basic disturbances. And the inverti-
ble system is stable.

Corresponding with this controlled system,
Eq.(30), the following equation is given as the
reference model selected by the designer.

xm(k+1) = Amxm(k) + Bumum(k)

ym(k) = Cwxu(k)
where, xu(t) €RP

un(k) = (U (KD, umz (KD, uws (k) |

(k) = [ymiCk), yma (KD, yua(k) ]
and det(s I -Aw) is a stable polynomial.

The purpose is Lo construct an adaptive CCV
flight control] system which Lhe outputs y(k) of
controlled system Eq.(30) with deterministic dis-
turbances follows the outputs yuw(k) of reference
model asymptotically.

an

4. 2 Construction of the Control System

Considering the expanded system with distur-
bances of syslem Eq.(30) before considering the
construction of conlrol system. At first, the leflt
coprime expression of syslem (31) using the shift
operator becomes

y(k) = P(z) ' [R(z) S (k) + Go(z)v(K)] 32)
where P(z) and R(z) are left coprime, P(z) is row
proper'o’ .,

Considering disturbances, the control inputs
are made as the following equation )

6 (k) = [1/(z-1D']6 v(k) a3
where, in case of step type disturbances: i=1,ramp
type ones: i=2, &, (k)will be defined later.

And the following plant expression is obtained
by Egs.(32) and (33).

(z-D'y(k) = P(2)"'R(2) & v(k) &1)]
Then, let the state expression of this systenm
following

Xv(k+1) = Auxo(k) + Bu& (k)

y (k) = Cuxo(k)
where,xv(k) R3*3',

Further, doing the detail {rom Step 1 to Step 3 of
the third paragraph to this expanded system,
£q.(35),

Nro(2)y (k) = Drexo(k) + Crvd v(k) (38)
is obtained. Using this Nrv(z) to the reference
model:Eq.(31),it becomes

Ntu(2)yu(k) = Duvxm(k) + Cuvum(k) an
The control inputs & (k) that achicve the model
matching becomes following’.

s (k) = [1/(z-1)']d (k) an

5 w(K) = Crel-DrvXv(k) + Duyxu(k) + Cuvum(k) ]
where, to realize Eq.(37), let the interactor of
the reference model Nu(z), the next model matching
condition

Nt.(z)Nu(z)"! : proper
musl be satisfiedio’,

Then it shows that each CCV-mode is achieved
by the reference output selected adequately.

First, in case of Ax-mode the vertical direc-
tional flight path angle can be controlled to *a

(35)

(rad) with constant angle of attack (=0) by set-
ting the objective value yw=(0,0, *a). In case of
a ;~mode the aircraft can be controlled to nose up
and down *a(rad) with constant flight path angle
(=0) by setting ym = (0,*al,, xa). And in case of
a ;-mode the vertical velocity can be controlled
to +a(m/sec) with the constant pitch attitude (=0)
by setting the objective value (0, %a,0).

Therefore, control input:Eq.(37) can not be
made because the parameters and the interactor of
controlled system are unknown. Then, we show the
expantion to adaptive system. Where it is assumed
that p which satisfies det(Crv)2 p is known on
identifying the interactor in order to avoid the
generation of excessive control input. )

First, constructing the adaptive observer of
the third paragraph corresponding with the expand-
ed system:Eq.(35), estimating the state values,
the unknown parameters and the interactor, making
the control input corresponding with Eq.(37) as
follows

§ (k=[1/(z-1)"]16 (k)

6 (0= Cry (k)1 -Dry (KX (k) (38)

+ Dy (K)xm(k) + Cuv (k) um(k) ]

where the estimation parameter ETv(k) is made as
follows

if det(Crv(k))2Z p, then Crv(k)=Crv(k)

if det(Crv(k))< p, then Cry(k)=Cry(k-1)
where if the signals are sufficiently rich, the
estimated parameters of the adaptive observer con-
verge to the some limiting values, Eq.(38) matches
Eq.(37) and the control objective is achieved?’ .

5. Applicaton to STOL flying boat

In this paragraph the a ;-mode CCV flight con-
trol system proposed in the former paragraph is
applied to the approach of landing ground and on
the water as the important mission of the STOL
flying boat?’11?

First, using the data C.=6. in the biblio-
graphy literature 9), setting the sampling time
0.01(s), the controlled system:Eq.(30) becomes as
follows

0.908 0038 0 -.0033
XU D=1 5 0004 -.905 0 0.0005 |
00187 00033 0 0.9997
! 01 ! 011 3'8%04
*loo1 0,013 -.gs3 | 0G0 #DVEOD
0.02 0.0132 -.0

39)
1 0 0 0
y(k) = 0 1 0 0 ]x(k)
0 1.2 0 1
where this system has a stable invertible system.
On the other hand, the reference model is con-
sidered as follows which is discretized with the
sampling time 0.01(s) based on a 2-nd order system
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having a damping ratio 0.9 and an undamped natural
frequencey 5.2(rad/sec).

i (kD)= [ 0.999 0.0095] your (k)4 [ 0

-0.258 0.9094 0.0095] i (k)

ym(k)=(-2704 J )XMl(k), i=1,2

‘ 0.999 0.0099 0.0000%

Xxuz(k+t1)=1]-0.013 0.994 0.00905 xm3a(k)
) -2.448 -1.105 0.8189

oo
=]

. 0005] ums (k)
.00907
yua(k)=(-270.4 Yxma(k) )

where xm(t)=(xm ()T, Xu2(1) T, xma (L) T)T.
Considering Lhe constant disturbances, the

interactor Ntv(s) of the expanded system and the

interactor Nw(s) of the reference model becomes
Nto(s) = Nu(s) = diag(z? 22 23)

il satisfies the condition of model matching.

<Simulation>

The numerical similaion of the approach of the
landing on the water is shown to investigate the
feasibilily of the proposed approach, then consid-
ering the disturbances we deal with the mathemati-
cal model of the Microburst which is given atten-
tion recently as the cause of the aircrat accident
on taking off and landing®’ 7.

This simulation is applied to the approach of
landing on the water proving the maximum feasibil-
ity of the proposed CCV flight control system in
Lhe former paragraph. In other words, considering
the STOL flying boat without the backside phenome-
non, setting its pitch angle "0(rad)” so that the
pilot make it land on the water safely on looking
the condition of the wave of sea surface in the
hazard weather, and applying the reduction of cost

0.008
10

0.004¢ 5

time of landing on the water with a large vertical
velocity until it reachs a safe altitude.

The control objective is to achieve the «a o-
mode approch of landing on the water with the
angle of attck 10 (deg), flight path angle 10 (deg)
to the altitude 10 (m) and 1 (deg) under the alti-
tude 1(m). Then the condition of the numerical
simulation is described by

un(t)={0 4.5 0] (8im 2 h(t) 2 15m)

un(t)=[{0 .45 9]7 (15m 2 h(t) 2 3m)

A= 0.1, .= -0.2, A= -0.1, d=3

Q'(0)=101°  (i=1,2,3), p=10"°8
Other conditions except above are all "0”.

The more strict condtion of micro burst than
one given by the bibliography literature 6) are
assumed.

0 0 0
D= 0 0 0
-0.0027 0.0027 0
vik)=(vye ve 0)
vu==T.71, vu= 0 , 0<t S 10
vuy=-6.68, ve= 7.2, 10¢ t 5 20
vez 0, ve=12.9, - 20< t S 30
ve= 7.71, v,=6.68, 30¢ t £ 40
vu= 5.14, vu= 0, 40< t S 50

where h(t) is the altitude (m), v, is the horizon-
tal directional velocity (m/sec) and v. is the
vertical directional velocity (m/sec).

In this simulation, at first considering the
case of no disturbance, the results of the res-
ponse of input and output, the altitude and the
result of the identification of parameters are
shown in Fig.1 - Fig.4. Next, the results with
Microburst are shown in Fig.5 - Fig.7.

100

&, (een)

.. 0.002

S0

a ()

0 10 20 30 40 S0
(sec)

Fig.3 The response of Altitude
(without disturbance)

5 Cen)
<

RTISH]

0.6
. o s 1] i5 o 25 30 A1)
o z e o FH)
- - ////
~ ° s 3 is 20 F3 30 -2 0.2 L SRR SO
(eee) -
\ A (L)
" s 0 il
0.158 0.20
Fig.1 The response of Output Fig.2 The response of Input (ree)
(without disturbance) -0.3

(without disturbance)

Fig.4 A part of Estimated
Parameters
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Fig.7 The response of Altitude
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Fig.5 The response of Output

-2 -4

These results show that the landing on the
water are achieved safely and quickly with the
satisfication of the designer whether Microburst
exists or not. Especially, when the value of Micro
burst changes,. the transient phenomenon like im-
pulse appears, its value is within the movable
limit of the elevator, etc..

6. Conclusion

In this paper we propose a Design of Adaptive
CCV Flight Control System with disturbances, apply
its system to the STOL flying boat, and prove the
feasibility by the numerical simulaton.

This design is a method with adaptive observer
in the study of adaptive control system, the ob-
server needs only observable index to the normal
Multi-variable System and this design has an ad-
vantage which the advance information about the
structure of the interactor that plays important
roll on the Multivariable Model Following Control.
Moreover, in the practical point of view, the
Micro burst which often causes the aricraft acci-
dent during landing and taking-off, is considered.

The results of the numerical simulations show
that a,-mode can be applied to the approach of
the landing on the water for the rescue activity
as the important mission of the flying boat. And
{lying boat can land on the water more safely and
quickly than one with an existing automatic thrust
control system whether Microbursl exists or not.

References
1) Kanai,K. and Uchikado,S:An Adaptive Flight
Control System for CCYV with an Unknown
Interactor Matrix, Transactions of the Japan

30 40 S0

(sec)

Fig.6 The response of Input

Society for Aeronautical and Space Sciences, 34
(1986),pp.211-221.

2) "Automatic Control Handbook™: The society of
“Instrument and Control Engineers, (1983)

3) Kanai,K: Flight Control, Haki Publishing Co.,
Tokyo, 1985.

4) Kanai,K.,Degawa,T. and Uchikado,S: A Design of
an Adaptive Observer for a Multi-input Multi-
output System, Trans. Soc. instrument. Control
Engin.,18(1982),pp.349-356.

5) M.L. Psiaki and R.F. Stengle; Analysis of
Aircraft Control Strategies for Microburst
Encounter, AIAA Journal of Guidance and Control,
VOL.8, No.5, (1985), pp.553-559

6) W.Forst, H.Change, K.L.Elmore and J. McCarthy;
Simulation Flight Through JAWS Wind Shear, AIAA
Journal of Aircraft, Vol.21l, No.l0, (1884), pp.
797-802.

7) R.A. Greene; The Effects of Low-Level Wind
Shear on the Appoart and Go-Around Performance
of a Landing Jet Aircraft, SAE Paper 780568,
1979.

8) Simizu,a. and Yuzuhara,N: The Flight Path
Control with Wind Shear, Proceeding of JSASS
the 24-th Aircrat Symposium,1986, pp.42-45.

9) Kanai,K., Uchikado,S. and Morita,Y.: Design of
CCY Flight Control System of STOL Flying Boat,
Transactions of the JSASS, 35(1987),pp.221-228.

10)¥.A.Wolovich and P.L.Palb: Invariants and
Canonical Forms under Dynamic Compensation,
SIAM Control And Optimization, Vol.14-6 (1976)

11)Yamamoto,N.: The STOL Flying boat Approach of
the landing on the water with the Automatic
Thrust Control, Trans. of JSASS, 31(1983),
pp.103-109.

— 276 —



