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The stability and control derivatives of DURUMI-IT UAYV using the flight test are obtained.
The flight test data is gathered from the normal flight condition (normal mode) and the flight
condition assumed as the right elevator fixed (fault mode). Using real-time parameter estima-
tion techniques, applied to Fourier transform regression method, simulates the aircraft motion.
From the result, the fault of control surface is to be detected. In this paper, the results of the real-
time parameter estimation techniques are compared with the results of the Advanced Aircraft
Analysis (AAA). Using the aerodynamic derivatives, it provides the base line of normal/failure
for the control surface by using the on-line parameter estimation of Fourier transform regres-
sion. In flight, this approach maybe helpful to detect and isolate the fault of primary control
surface. It is explained how to perform the flight condition assumed as the right elevator fixed
in the flight test. Also, it is mentioned how to switch between the normal flight condition and
the assumed fault flight condition.
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Nomenclature *® . Complex conjugate transpose
A,B,C,D: System matrices N * Estimate
J . Cost function
X . State vector Subscripts
y . Response vector L,D,Y ! Lift, Drag, Side force
u . Input vector I,m,m Rolling, Pitching, Yawing moment
¢ . Time, sec . b.aq,v . Angular velocities, rad/sec or deg/sec
o . Standard deviation of estimation error $,0,¢4  : Roll, Pitch, Yaw angular, deg
@ . Frequency, rad/sec a . Angle of attack, deg
. B > Sideslip angle, deg
Superscripts
P p ) . Control surface deflection, rad or deg
4 . Transpose . .
- . e,ar . Elevator, Aileron, Rudder
~ : Discrete Fourier transform . . .
. .. 1 . Value at time
—1 : Matrix inverse . . L.
0 . Trim or initial value
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algorithm for parameter estimation for the aircraft
dynamic model from flight test data (Park, 1997 ;
2004 ; Hwang, 2001 ; 2002). The iterative algo-
rithm of the Maximum Likelihood Estimation is
slower than the Extended Kalman Filter (EKF)
or the Fourier Transform Regression (FTR) algo-
rithm. The Extended Kalman Filter {Garcia-Velo,
1991; 1997 ; Gelb, 1974 ; Mendel, 1987) is ba-
sically a state estimation, which is the same as the
direct parameter estimation. The Extended Kalman
Filter is one-pass algorithm, which means that it
is faster than the MLE algorithm and can be
applied to the unstable and on-line systems. The
Fourier transform 15 (Morelli, 1997 ; 1998 ; 1999 ;
2000 ; Napolitano, 2001 ; Song, 2001) is proposed
for the parameter estimation algorithm. It consists
of suitably excited input and actually measured
system responses, therefore it is possible to be
repeatedly implemented to an UAV test aboard in
real time. Both of the FTR and EKF are applica-
ble to on-line parameter estimation.

The FTR algorithm is preferably applied, be-
cause of its fast convergence and robustness to
measurement and system noise while The EKF
has the problem of sensitivity on initial values.
Recently, The FTR is applied to the parameter
estimation of an aircraft which experiences fai-
lure or damage state as well as normal state. For
enhance the flight safety during failure mode test,
the DURUMI-II, a research UAV developed by
KARI, are designed to have redundancy in the
control surface. The selection of flight mode be-
tween normal and failure state is remotely per-
formed by handling switches during flight test.

2. Flight Test for the Normal and
Fault of Control Surface

2.1 Control surface redundancy of
DURUMI-II

Figure 1 shows the developed DURUMI-II in
landing. The Specifications of DURUMI-II are
presented in Table 1.

To realize the flight condition assumed as the
right elevator fixed and other control surface
fault, the control surfaces, elevator and ailerons,
DURUMI-II are respectively split into two pieces

Fig. 1 DURUMI-II in Landing

Table 1 DURUMI-II Specifications

Overall length, m 2.7
Overall height, m 1.22
Main wing span, m 4.8
Aspect Ratio 15
Powerplant ZDZ 80RV
Power, hp 79
Maximum speed, km/h 150
Cruise speed, km/h 125
Stall speed, km/h 60
Maximum take-off weight, kg 37
Empty weight, kg 22
Payload, kg 12

and rudder is added. Figs. 2 and 3 show the chang-
ed configuration of DURUMI-II. This system
will help DURUMI-II to fly safely, if any mal-
function of control surface should occur. The se-
lection of flight mode between normal and failure
state is remotely performed by handling switch
during the flights.

2.2 Flight test of DURUMI-II and input
design

In the flight condition assumed as the right ele-
vator fixed, DURUMI-II has been tested to ob-
tain aerodynamic coefficients and control deriva-
tives using real-time parameter estimation meth-
od such as Fourier transform regression. In the
flight test of DURUMI-II, the multi-step 3-2-1-1
input (NTPS, 2000) would produce the best re-
sponse of DURUMI-II, with the greatest amount
of information about the aircraft dynamics, for
the determination of the best set of stability and
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Table 2 Fault assumed flight test condition

Normal Mode

2-1-1 & 3-2-1-1 Input at throttle 50%

Fault Mode 1 (Right Elevator Fixed : 0 deg)

3-2-1-1 Input at throttle 50%

Fault Mode II (Right Elevator Fixed: +5 deg)

3-2-1-1 Input at throttle 50%

Fig. 3 Split of Ailerons

control derivatives. The control input of ampli-
tude excursion has been programmed in R/C
transmit device. The flight test engineer who is
independent of ground test pilot remotely execu-
tes the control input. In order to realize fault
flight, the right elevator fault occurs by operating
the switch and knob in flight, the ground test pilot
make a level flight. Keeping steady state condi-
tion, the flight test engineer is remotely applied
for the control input. Table 2 shows two cases of
flight conditions assumed as the right elevator
fixed.

In flight, in order to perform the exact control
input, it is necessary for the ground test pilot to
train for a long time. But, operating the pro-
grammed switch solves this problem. The 3-pole

switch and extra one channel are necessary for the
exact control input (FUTABA, 1995). The neural
position of switch is set to zero values of control
input, and two end positions of switch are set
to +/—5 deg values of control input. The extra
channel is mixed with control input such as an
elevator, ailerons, and rudder. Also, in order to
perform of switching for normal state and fault
state assumed as the right elevator fixed, the 2-
pole switch is operated on the on/off function,
so-called program mixing on/off function. This
programming method is an epoch-making event
to reduce the cost, the time, and the effort.

3. Modeling Formulation

Airplane dynamics can be described by the fol-

lowing linear modeling equations :
% () =Ax(t) +Bu(t) (1)
v(t) =Cx(t) +Dult) (2)

The dynamic system, whose parameters are to be
estimated, has stability and control derivatives.
The parameters to be estimated are assumed to be
constant during the flight test maneuver.

The finite Fourier transform of a signal x(¢)
is defined by

OB "X () et gt (3)

Applying the Fourier transform to Egs. (1) and
(2) gives

joi(w) =A% (w) +Bi(w) (4)
y{w) =Ci(w) +Di(w) (5)

When the states x, outputs vy, and inputs % are
measured, individual state or output equations
form vector Eqgs. (4) or (5) can be used in an
equation error formulation to estimate the stabil-
ity and control derivatives contained in matrices
A, B, C, and D.

For the k-th state equation of vector Eq. (4),
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the cost function is

| jwn (wn) — — Byt (wn) [*(6)

uMs

=53 — A (wn)

Similar Cost expressions can be written for Eq.

(2)

Y=X0O+¢ (7
where
Jon (w1 ), a" (o)
jox(w2) || 7 (w2), a™(w2) || AL
T = [Bz] ®
Jwmn (@mn) T (wm), @" (Om)

and &€ represents the equation error in the fre-
quency domain. The least squares cost function is

J=1(Y—X6)*(Y—X6) (9)

H=[Re(X*X)]'Re(X*Y) (10)
The estimated parameter covariance matrix is

cov(®)=E[(6—0) (H—06)"]
=3 [Re(X*X) ]!

where the equation error variance 8% can » be

(1)

estimated from the residuals,
1
=
(m—p)
where p is the number of elements in parameter
vector 6.

For a given frequency w, the discrete Fourier
transform at sampling time 7-th is defined.

Xi(w) =X (@) +xe7 bt (13)

—Jjw;At

[(Y-X6)*(Y-X6)] (12

The quantity e is constant for given fre-
quency and constant sampling interval.

Rigid body dynamics of DURUMI-II lie in
the rather narrow frequency band of 0.01-1.5 Hz.
It is therefore possible to select closely spaced
fixed frequencies for the Fourier transform and
the subsequent data analysis. In this work, fre-
quency spacing of 0.02 Hz was founded to be ade-
quate, which gives 50 frequencies evenly distri-
buted on the interval 0.02-1.0 Hz for each trans-
formed time domain signal.

For longitudinal and lateral-directional com-
bining aircraft dynamics, the state vector x, input
vector #, and output vector y in Egs. (1) and (2)
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are defined by
=lauq0pprél” (14)
u= 0 (15)
System matrices containing the model parameters
are:
A 0
A= (16)
0 i A
~ X, .
Zse
Uo
M,
M&;FWZ%
B= 0 (17)
0
Ls,
Ns,
L 0 ]
where
[ Xu X, 0 —gcos b
A= . (18)
Mt Zu Mt “&Mﬁm 0
L 0 0 1 0
[ Yv Yp Yr gcos ]
L*+ Nu Lp+ Np L*+ Nr 0
Az= (19)
m+%¢;m+kLpM &L* 0
0 1 0 0 |

4. Results of Parameter
Estimation and Fault Isolation

Tables 3 and 4 show the stability and control
derivatives estimated from flight test data for the
normal and fault mode by using the Fourier trans-
form regression method. The acrodynamic coeffi-
cients computed from the analytical methods of
AAA are also included in these tables for the
comparison.

Figure 4 shows the comparison of the flight
test data and the linear simulation results com-
puted with estimated aerodynamic coefficients.



1228 Wook-Je Park, Eung-Tai Kim and Kie-Jeong Seong and Yeong-Cheol Kim

Table 3 Comparisons of estimated stability & con-
trol derivatives

Table 4 Comparisons of mean values of estimated
stability & control derivatives

2-1-1 |3-2-1-1]3-2-1-1|3-2-1-1 2-1-1 |3-2-1-1{3-2-1-13-2-1-1
Fault mode AAA Fault mode AAA
Normal mode Normal mode
Odeg | +5deg Odeg | +5deg
TAS| 117ft/s| 109ft/s|  115ft/s| 118ft/s Co,| 0.1329) 01107 02680 00826 00377
H S28ft M7t 35t 41t Co,| 03271 o765 13440 16675 01725
Co,| 00375 01826 02087) 00511 00377
Cu,| 02861 03666 01651 02843  0.6245
Co,| 1193 07813 15649 08506| 01725
Co| omsi| o0si06) o157 02767 s G| 868 34T OIIOH 20162 55158
Cr, 43790  2.8960 1.0823 2.1965 5.5138 Cn, | —37.9412| —48.8353| —38.1488| —31.1830| —4.0938
Cm, | —658774| —338622] —94335 —379419| —40938  Ca, | —13277| —14575| —10352| —10693| —16219
Cm, | —14103] —12037) —1.2517) —1IS63] —L6219 (o, | —66.0740| —78.0453| —74.6127| —52.5168| —22.5287
Cn, | 1029735 —538877| —55.1791] ~64939) —225281 " T gl e e el oo10s
Cp,| —0.1900] —0.5046| —0.6707| —0.2203 - 0.0105
Ci, | —10448] —09802| —10897] —06162]  0.2649
Ci, | —04828 —04140] —09656| —0.5915,  0.2649
Co| —12644| —08794] —06275| —05334] —1.1879 ~ Cme| —LISTS| —12067) —06757) —04587) —1.1879
C..| 00022] —00039| 00051 0.0011 Ci, | 00021 00006 00008 00003
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Fig. 4 Results of estimated stability/control deriva-
tives : 3-2-1-1 multi-step input (normal mode)

Fig. 5 Results of estimated stability/control deriva-
tives : 3-2-1-1 multi-step input (fault mode)
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Fig. 5 shows the flight test data and the linear
simulation results for the fault mode. Fig. 6 shows
the scatter diagram of the estimated aerodynamic
coefficients for several flight cases.

The drag coefficient slop (Smetana, 1983) Cp,
computed from the FTR is larger than the result
of AAA. The lift coefficient slop Cr, computed
from FTR disagrees with AAA. The Cp, and C;,
in Fig. 6 show that the results of normal and fault
mode is similar. The Cy, in Fig. 6 shows that the
normal and fault state slightly differs from the
normal and fault mode. The Cp, computed from
FTR is similar to AAA in normal mode. The

control derivative Chp, clearly classifies the dif-
ference between the normal and fault mode.
Without the relation between the right elevator
0 deg fixed and 5 deg fixed, the malfunction of
elevator reduces the elevator effect to a half. The
Cn,, is reduced the malfunction of elevator by
half, as shown in Fig. 6.

Fault detection and isolation procedure shows
in Fig. 7. Straight level fight trim value of DURUMI-
II shows in Table 5. In Mode I case, the system
(FCC, Fight Control Computer) recognize as
elevator fault that. In Mode II, the system recog-
nize as elevator fault that elevator trim is changed
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Fig. 7 Fault detection and isolation procedure in-
clude autopilot system

Table 5 Straight level flight trim value of normal
and fault mode

Trim Normal Fault Fault
Mode Mode I | Mode 11
Elevator (deg) 0.9861 1.4815 4.4312
(up)
Aileron (deg) —0.3999 | —0.4068 | —0.3595
Rudder (deg) 0.1736 0.0432 0.2875

and the Cy, is only reduced by half. But, the sys-
tem don’t recognize left nor right elevator fault.

5. Conclusions

The fault mode with the fixed right elevator
was considered in this paper. The multi-step 3-
2-1-1 elevator input for the parameter estimation
was implemented successfully in flight by using
the programmed switch method. The fault mode
was engaged by toggling the 2-pole switch.

The aerodynamic derivatives for DURUMI-II
were estimated for the flight test data by using
the Fourier transform regression for normal mode

Wook-Je Park, Eung-Tai Kim and Kie-Jeong Seong and Yeong-Cheol Kim

and fault mode assumed the right elevator fixed,
and were compared with the results from the
analytical prediction method. On the whole, The
FTR results of the Cp, and Cp, from the flight
test data in normal mode agree well with the
analytical results from AAA. The C,, in Fig. 6
shows that the normal and fault state slightly
differs from the normal and fault mode. The con-
trol derivative Can,, clearly classifies the difference
between the normal mode and the fault mode.
The Chn,, is reduced the malfunction of elevator
by half, as shown in Fig. 6. It is not satisfactory
to determine the normal and fault state with pat-
tern of Cp,. Therefore, the aerodynamic deriva-
tives of Cm, maybe provide the base line of
normal/failure for the control surface by using
the on-line parameter estimation of Fourier trans-
form regression. In flight, it is capable to detect
and isolate the fault of primary control surface.
But, the system don’t recognize left nor right
elevator fault.

For further study, it is desirable to perform
more flight test so that the parameter variations
could be investigated and analyzed in various
failure conditions.
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