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Abstract A study on the inclusion of analytical redundancy redundancy approach to design a fault tolerant system.

and of an instrument fault detection scheme ( IFD ) into a flight
control system has been performed for a satellite launcher2 BACKGROUND WORK ON IFD
using the longitudinal model. The study was mainly focused in
the fault diagnosis aspect, and it reports the conclusions
obtained for this kind of control system. A fault diagnosis

A list of good references about design methods for failure

detection in dynamic systems can be found in Willsky (1976)

! . ) . _and Frank (1986). Practical examples of IFD design with

logic has been created based on nonlinear functions, its analytical redundancy are reported in several works as, Chow
derivatives with respect to time, and on the control rate effort. and Willsky (1984), @nningham and Poyneetq77) ( where

Several simulations were run to assess the system performanceém application is designed for the A-7D  aircraft).

and a study about the robustness of the system with respect tODecket(Deckert, 1978) (where an application is deigned for the

system parameters uncertainties was also performed and bo“]:_g digital flight by wire aircraft) and in Shapiro and Decarll

are reported here. It was found that the system is able to NI .
! . o (1979) ( where an application is made using one observer of
reconfigure the control law safely in almost all the situations . . : .
full order to drive an autopilot). The inclusion of random

and the .falsg alarm rate presented was also very low. Thedisturbances into the system can be found in Clark, and Setzer,
system is simple as the same observers are used for the

L . . (1979) ( where one Kalman filter is driven by one system
decision logic and for the alternative observer-based control N . o .
. . : ; output signal ). The robustness aspect is studied in Emani,
laws. The main feature of the work is the inclusion of the

. : : : I ; (1986) (where an application is made for the F-100 aircraft
derivatives of the nonlinear functions into the decision logic. using hypothesis testing, ) and in Pateralii, (1987) (where

the parameter uncertainty is studied ). A very good example of
1 INTRODUCTION deterministic observers applied to an IFD system is showed in
In the case of unstable vehicles, as is the case of the satellitetng ngg( S;OS;ilicC:r;f? bvt\e/irt% (Olngf ?bvlg?\rz rt?: ; 2‘;2';?2222()'?)](0?%

launchers and high perfo_rm_ance aircrafts, the failure of one approach given in these works was followed in this work with
sensor can be catastrophic if the control system has not some,

degree of redundancy, physical or analytical. Due to this _the in_clusion of_a ro_bust observer ipt_o the sys_tem, and wi_t_h the

characteristic. it is ver;} important to these veHicIes to have a inclusion of derivatives of the decision functions as auxiliary
> . . ) . decision functions.

redundant flight control system with the ability to identify

sensor failures as quickly as possible and then to reconfigure

the control law from the failed control law to an alternatve 3 MATHEMATICAL MODEL USED FOR

control law. Although many systems achieve fault tolerance THE LONGITUDINAL MOTION

by using hardware redundancy, there are several problems ) ) o

associated with hardware redundancy. Some of these problemd N€ mathematical model used to describe the longitudinal

are, extra cost, additional space and weight and extra software motion of the satellite launcher is given by equation (1) and

Besides, it has been noticed that redundant sensor tend to hav&an be found in McLean (1990) for example, as in other flight

similar life expectancies, so, it is likely that when one of a set dynamics references,and it describes the open loop dynamics

of sensors fails the other will be failing very soon too. In view ©f the longitudinal motion.

of these problems it is much better to use the analytical

X = Ax+ Bu (1)
Artigo submetido em 14/07/97
la. Revisdo em 28/10/97; 2a. Revisdo em 16/04/98 i i
: with the state vector given b
Aceito sob recomendacdo do Ed. Cons. Prof.Dr. Paulo Sérgio T 9 y
Pereira Silva X = [W q 6] (2)
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and

u=p, (3)
The matrices A and B in equation (1) are given by
0z, Z,+U, -g0
A=M, M, o0F (4)
H0 1 0H
B =[z, M, 0 (5)

The parameters Z Z;, My, , My, Zs; and M, contained in
matrix A and in matrix B, are the aerodynamic derivatives of
the satellite launcher vehicle, obtained from wind tunnel tests.

The parameter Jis the flight speed of the vehicle and the
parameter g is the gravity acceleration.

The state variable w is the vehicle velocity along the z-body
axis, called normal velocity, the state variable q is the vehicle
pitch-rate, that is, its angular velocity around the y-body axis,
and the state variab@is the vehicle pitch-attitude with respect
to y-body axis. Finally the controlf, is the pitch control
deflection.

The control system was desighed based on this model with the
objective to track a reference pitch attitud®.{) and the
regulation of the remaining states. So the control system will

require three sensors to work adequately, that is, sensors for w

( normal velocity ) , q ( pitch-rate ) ané ( pitch-attitude ).

G1= [Gy Gy G Gy | (9)

and @ is the feedforward gain.

Figure 1 shows the vehicle with this control law.

5 OBSERVERS FOR THE CONTROL
SYSTEM

To include analytical redundancy it is necessary to include
observers into the control law, and in this way to include
alternative control laws, that is, the observer based control
laws. In this case three reduced order observers will be
included.

Vehicle
Dynamics

Figure 1 - block diagram of the vehicle with the basic
control law.

Certainly, if one of these sensors fail, specially the sensors of The method used to design the observers can be found in
g and 6, the vehicle will become unstable. If the sensor for ( Chen (1984). The observers dynamics are given by

w ) fail the vehicle will not be unstable, however it will work .

with a degraded performance with respect to the designed z=Fz + Gy + K, (10)
performance. In view of these facts it is very important the  where F is a (2x2) matrix which defines de observer
inclusion of analytical or physical redundancy into the system. gynamics, G is a (2x1) vector, H a (2x1 ) vector and z a (2x1)

Here the case of analytical redundancy will be discussed.

4 LONGITUDINAL CONTROL SYSTEM

The longitudinal control system was designed based on the
following model :

[0 M, O l
E‘egmo 1 om%mo%ﬁ%’” (8)
%20 o 2 BEhY B

where the state variable e, that is, the pitch-attitude error
integral, has been included to keep the steady state error neal
zero. The control system was designed by LQR method as
described in Rynaski (1982) , and the control law is given by

vector too. The estimated states will be given by

O
Xx=My + Nz (11)

)
where X is the vector of the estimated states, in this case a
(2x1) vector.

The F matrix was chosen to have a Doyle-Stein observer
(Doyle and Stein, 1989), that is, a robust observer. So the F
matrix was taken as a diagonal matrix with his elements taken
among the transmission zeros of the open loop transfer
functionsé/ Bz, w/pBzand q B;. As these transfer functions

have only two finite transmission zeros, the use of a reduced
order observer was more suitable than a full order observer to
design the Doyle-Stein robust observer (Doyle and Stein,

1989). The vector G was taken to get the { F,G}
Fontrollable. So G was taken as
G'=[11] (12)

B:= -Gy X - G B (7) to simplify the design. Then it is necessary to solve the
Lyapunov equation
with the state vector given by TA-FT=GC (13)
T where the matrix A is given by equation ( 4 ),to obtain the T
X = [W q o6 %] (8) matrix and to build the matrix P, given by
and the vector for the feedback gains is given by pT = [C T] (14)
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where C is the output matrix that, in the case of normal The inputs to observer n.2 will be gndB; and his outputs

velocity ( w) output, will be given by will be
= =1 0 0
C=G, [ 0 q (15) X12 =W (25)
but, in the case of pitch-rate ( q ) output, C will be given by 0 0
X32 =0 (26)
c=¢=[0 1 g (16)
So itis then possile to build the functions
Finally in the case of pitch-attitudé() output, C will be given 0
by f, =y, —Xaz (27)
C=G=[0 0 1 (17)
L . . . O
then it is possible to obtain H given by fzz =y, — X1z (28)
H=TB (18)
where the matrix B is given by equation ( 5 ). and so the n, :f21f 2 (29)

estimated states will be given by
The inputs to the observer n.3 will bg gnd 3; , and the

0 o.yd yo
X= Pl&BZ [M N]&H (19)  outputs will be
O O
X23=( (30)
after this equation it is possible to get the M and N matrices of
equation (12), and then the observer design is completed. 0 O
X33 =0 (31)
6 DECISION FUNCTIONS It is then possible to build the functions
It is now necessary to build decision functions that will allow .
the detection of a failed sensor and then to reconfigure the fo =y, —Xas (32)
control law from the basic control law to an observer based 3 !
control law. To build these decision functions the idea of
Patton (1989) has been adopted here. Three reduced order 0
observers were designed for the system, namely, o =Y, Xo3 (33)
observer n.1, that was designed considering
Ny =fyf s (34)

y1=8
observer n.2, that was designed considering
y2=q
observer n.3, that was designed considering
y3=w

The inputs to observer n.1 will be; yand3; and his outputs
will be

O O

X11=W (20)

O O

X21=( (21)

It is then possible to build the following functions,

O

fL=lY, X2 (22)
O

f12:y3—X11 (23)

’71:f11f12 (24)

And the functionsni , n2 andnsz will be used as decision
functions together with their derivatives with respect to time

(ﬁl,rjz andhg ), and with the control rate effortf3, |,
allowing to prevent a high false alarm rate from the system.

7 DECISION LOGIC

Based on the nonlinear functions given by equations ( 24 ) ,
(29) and (34) it is possible to build a decision logic. If, for
example the sensor of pitch-attitud® () fails , the functions
fiand f, will grow very quickly and s, will grow much
faster than §; and f,. This fact allow to identify that the
pitch-attitude sensor has failed. It is necessary to find an
appropriate threshold for the functiom,, and it is also
necessary to prevent the system to give a false alarm. To find
an appropriate threshold fon, is not an easy task, since: the
flight envelope for the vehicle is wide, the vehicle parameters
can have some values not so close from those used in the
observers design, there are several failure modes and the
vehicle can perform several kinds of manoeuvres. To prevent

false alarms it has been found that the incIusionfgf in the

decision logic is very useful as it is the incIusionB{ , that
is, the control rate effort. So it is not only necessary to find an

appropriate threshold fon, but also for 171 andBZ. These
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thresholds can be adjusted by simulation. In a similar way it is
also necessary to find appropriate thresholds for the functions If Nz >nsim and B mmm it was considered that the normal

n,, 172,I73 andn3 , what can be done by simulations. velocity (w) sensor has failed.

The procedure to find these thresholds is an iterative one, Where nyim , N2im and nsim are the thresholds forn; , n»
starting with simulations for the vehicle with the nominal
parameters and for a step input B} , then going for the and nz respectively, ﬁzlim is the threshold for the control

cases where there are some non nominal parameters. In Figure : ) o
2 the system is showed with the IFD included. rate effort , ﬁ and 1y, is the threshold for the derivative

of n..
From the performed simulations it was noticed that the system N2

working only with thresholds forn; , n, and ns does not

show a very good performance. However, using also thresholds8 CONTROL LAWS

The system in normal mode will be working with the basic

for I’]l,l’]2<'indl’]3 it has been noticed an improvement in control law, that is

the system performance, due to the fact that some times the

threshold for n has been reached but the threshold for its B,=-G,Y:=-GY,- Gy~ G g -& . (39
derivative has not been reached. This is the case, for example,

when there are some uncertainty in the model parameters: inand after a sensor failure it will be possible to change for one
this case the threshold foy can be reached, however the of the three alternative control laws, that is, observer based

control laws, depending on the failed sensor. These observer
threshold forn takes more time to be reached, and in this way 5s5ed control laws are given by

a false alarm can be prevented. The contrary will happen for

| O
example in a failure situation, where both thresholgsid 1] B,1=-G,%u-G X1~ Gy~ G g -@ . (36)
) are reached much faster than in the case of uncertainty in the . .
model parameters. The inclusion of the threshold ﬁ; is Bra==Cux2=G%~ G %~ G g -G (37)

due to the fact that it is necessary to take into account if the O a]
vehicle is maneuvering or not. Certainly if the thresholds for ~ f3,, = -G, Y, — G, %= G %—- G & -G, (398)

n and 1 were reached and the threshold f#, was not where @ and @3 are obtained from the defined auxiliary
reached ( the vehicle is not maneuvering ) a failure occurred.  states,

| B

¢ . _ 3 O
VEHICLE €e2 = eref X32 ( 39 )
B DYNAMICS

. o
* €0 = O, — Xa3 (40)

co Ecj Cw So, after the identification of the failed sensor, the system will

commute to one of the three observer based control laws. If, for

example, the sensor of pitch-attitud® § has failed, then the
system can change g, or 3,3 ; however it is best to change to
ﬁ oesva oesve oo ' B, due to the fact that it uses pitch-rate as the input sensor to
J o Xz e the observer resulting in a control law with better performance
x5t X2 X than a control law obtained with w as input sensor. If the

pitch-rate sensor has failed, the system can chanfig tr to

B,; ; again the option foB,; is used for the same reason

5 explained for the failure of pitch-attitude sensor. Finally if the
sensor of normal velocity ( w) suffers a failure, the system can
change td3,; or B, ; in this case both control laws offer the
same performance. In Figure 3 the system is showed when
working with the control lawB.. . In this case, a failure of
The performed work used the following decision logic : pitch-attitude sensor occurred or a failure of normal velocity
sensor occurred.

DECISION LOGIC

Figure 2 - IFD diagram to be implemented into the onboard
computer.

If n1>ngim and Bzﬂ[?ﬂim it was considered that the pitch-

attitude (0) sensor has failed. 9 EXAMPLE CASE
An example case has been studied for a satellite launcher in
If N2> namand N, and B mmm order to assess the system. The data used for the vehicle ar

given in Table 1,

it was considered that the pitch-rate (q ) sensor has failed. The observer poles were chosen among the transmission zero
of the open loop transfer functions, and then, the F matrix was
taken as a diagonal matrix with poles -20 and -0.1224 .
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Vehicle
B Dynamics

Observer
Dynamics

Figure 3 - Observer based control IBwfor observer no.2 -
This control law is used when pitch-attitude sensor or normal
velocity sensor has failed.

Table 1 - Data used for the vehicle

g(m s?) 9.7886
Mgz (s?) 7.2769
Zg, (m ) 19.3761
Zw (S1) -0.0968
My (nlsl) 0.0096
Zg (mst) 0.1631
Mg (st) 0.0568
Uo (msh) 544.46

The gains used for the control law are reported in Table 2

Table 2 - Gains for the control law

Gw (mls) | 0.0013
Gq (S) 1.4551
Gg (rad) | 3.2581
Geg (rad) | -3.1623
Go (rad) -3.257

10 OBTAINING THE THRESHOLDS FOR n:
,» N2 AND n3

To get the first approximation for the thresholds valuesrfor
, N2 and n3 several simulations were performed for the
vehicle with a step input i and varying the vehicle

must include hypothesis generation and hypothesis testing,
which is beyond the scope of this work; so, this system is not
robust with respect to any failure kind.

Four failure cases were studied for the system, namely:

1 zero, when the sensor fails to zero, that is, the sensor
suffers a step to zero.

2 maximum, when the sensor fails to its maximum value,
that is, the sensor suffers a step to its maximum value.

3 stop, when the sensor fails to the last sensed value.

4 incipient, when the sensor fails slowly, that is, the sensed

value is growing slowly or smoothly.

In the case of pitch-attitude sensor the used maximum was 20
a value used for example for a satellite launcher vehicle. The
maximum used for the pitch-rate sensor was/s2@, that it is

a value very close to a pitch-rate sensor used in a satellite
launcher vehicle. The maximum used for normal velocity
sensor was the value correspondent to a maximum ©bfLO
angle of attack. For the incipient failures the used values are
as follows:

for pitch-attitude sensor,
Bingic =63 + 0.05 (time - 3)
where 0; is the pitch-attitude at 3 seconds of
simulation.

for the pitch-rate sensor,
Oindic = G + (1/57.3) (time - 3)
where ¢ is the pitch-rate at 3 seconds of simulation.

for the normal velocity sensor,
Wingic = W3 + ('time - 3))
where w is the normal velocity at 3 seconds of
simulation.

The Oingic , Gndic and  Whgic are the indicated values by the
respective failed sensors.

These cases have been chosen because they are the mo
referred in the relative literature, as for example, in Paton
alii, (1989) and in Cook (1991). The probability of occurrence
of each kind of failure will be a function of the sensor being
used in the vehicle, and can be obtained from the sensor
manufacturer. So, when designing the IFD system for a
specific vehicle these probabilities can be taken into account in
the design.

parameters in 30% one by one, to allow for uncertainties in the Simulations for each case were run for the three sengors

parameters and to prevent a high false alarm rate for the W) With uncertainty in one parameter at each time, and the
system. Some simulations were also made for the vehicle time at which the system detected the failure was recorded. It

suffering a failure in each sensor, when the sensor fails to zero'S Necessary to say that a failure in the sensors of pitch-attitude

3 seconds after the input @yef . After this first attempt, the
threshold values fon1 , n2 and nz were taken as, 0.5 for
ni , 2 fornz and 150 fons.

For this first study a threshold value of 20 f<J;|]2 and a

threshold value of 0.2 fqﬁ>’Z were used.

11 FAILURE CASES STUDIED

A sensor can fail in many different ways. In this work the most

or pitch-rate can be very dangerous because the system will
became unstable; on the other hand, a failure of normal
velocity ( w ) sensor is not dangerous, since in this case the
system will not became unstable. As an example, Table 3
shows the results obtained for failures in pitch-attitude sensor
at 3 seconds, reporting the time at which the failure was
detected by the system. The results have been obtained for
step manoeuvre at the beginning of the simulation, that is, time
=0 sec, iMf-

common used failures were used to assess the performance, as

in Cook (1991). A fault monitor which is robust to fault types
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Table 3 - Results fd sensor failures n, andn, are included in the decision logic for the sensors

zero | max | stp| incp of w and q respectively.

base 3.03 | 3.02 - 3.18

30% 3.02 3.02| - 3.03 It is necessary to say that the uncertainty used for the paramete
30% %, 302 | 3.02| - 316 Up ( 30 %) is very high ind_eed and was not _representgtive of a

5 real flight condition. So with a more realistic uncertainty for

30% Ms, | 303 | 302 - | 318 Uo , that can be around 5% , the system performance will be
30% 7, 3.03 | 3.02| - 3.18 much better, and probably will not report false alarms, since
30% M, [3.03 |3.02] - 3.18 tne false alazms were repprted only to the conditions where
30% 7, 302 13030 - 311 there was 30% uncertainty ino.U

30% M, |3.02 | 3.02| - 3.16

13 RESPONSE OF THE SYSTEM WITH AND

From Table 3 it is possible to notice that the system can detect WITHOUT THE IFD SYSTEM
the failure in about 20 to 30 milliseconds, in the case of zero or _ - .
maximum. In the case of incipient failure it takes more time To |I|u.strate t.he effects of false alarm cases, in F|gure 4 there is
due to the fact that the failure happens smoothly. In the case ofthe p'tCh'att'.tUde. response of the vehicle without the IFD
stop, the system has not detected the failure due to the fact thatsy‘:’)tem and n Flgure 5 with (Ehe IFD system, for the case of
at 3 seconds the response is in steady state, that is, the value 30% uncertainty in b} and 30% uncertainty in . In t_h's )
at which the sensor has failed is practically the value of the case a false alarm was reported at 0.67 seconds of simulatior
state. without any failure. As can be noticed, the false alarm does not
deteriorate too much the system response, except that the

12 ROBUSTNESS STUDY EOR THE system looses the capability to detect a failure.

SYSTEM In Figure 6 there is the control effort time history

) . . . corresponding to the case of Figure 4; and in Figure 7 it is
In this work, as in Pattoat alii (1989), only the deterministic  ghqed the control effort time history corresponding to Figure
IFD was considered, and so, sensor noise has not beens |, Figure 7 it is possible to notice the moment of transition (
modelled. However, as mentioned in Pagoalii, (1989), this 0.67 sec ) between the failed control law and the alternative

kind of IFD works quite well when sensor no'ises are Nnot spserver based control law. It can also be noticed that the
excessive and are accurately modelled as Gaussian processesqqontrol effort is not very degraded. In Figure 8 there is the

A robustness study for uncertainties in the system parameterstime history for the decision function, for the case when the

was performed to assess the false alarm rate of the system, anaehicle Is yvorking with the IFD. and there is 30% uncertainty
so to find a new decision logic. The parameters that were In Uo and in MV It can be notlped that, arou_nd 0'55. secqnds,
considered in the study were: the threshold is reached. In Figure 9 there is the time history

for the decision functiorﬁ2 , Where it is possible to notice that

Zu» Zgy M, My, Zg, Mgz and U . around 0.61 seconds the threshold is reached. In Figure 10

Thatis, several simulations were performed there is the time history for the control rate effdd , where it

without any failure, but with uncertainties in the parameters, ¢an be noticed that only close to 0.65 seconds its value goes
and with the IFD system working. The study  took beIov_v_ the t_hreshold ( 0.20 _), and so indicating a _fa|Iure
uncertainties in each parameter one at each time; then condition, with the system being reconfigured after this. In
combinations of two parameters with uncertainties at each Figure 11 there is the control efforB, time history for the
time; then combinations of three parameters with uncertainties transition phase, where it is possible to notice the transition
at each time; then four; and, at the end, five. As there was sobetween the basic control law and the observer based control
many tables it is only possible to report the final results. So, for law, around 0.67 seconds. In Figure 12 there is)ttaecision

one parameter with uncertainty, the system has not reportedfunction time history, where it can be noticed that the threshold
any false alarm. With combinations of two parameters with ( 0.5 ) has not been reached. Finally, in Figure 13 there is the
uncertainty the system has reported a 9.5% rate false alarm, forns decision function time history, where it can be seen that the
g sensor and w sensor. With combination of three parametersthreshold ( 150 ) has also not been reached,

with uncertainty, the system has reported a 17% false alarm
rate, in this case for the three sensors. For the system with
combination of four parameters with uncertainty the system has  ,
reported a 20% false alarm rate, again only for the sensors of g ‘ ‘ ‘ ‘
and w. For the system with combination of five parameters 01p - f - o - e A —
with uncertainty the system has reported a 19% false alarm
rate. For the system with combination of six parameters with ‘ ‘
uncertainty the system has reported a 14% false alarm rate. oo} |- - - e IR RTINS
Finally with uncertainty on the seven parameters the system
has not reported any false alarm.

0.14

0.08f -/~ - - ;o s Sttt

B A R S U D
. 0.02f [ - - - REREREE IR SEIEIRTR TR
The false alarm has been reported only when there is ‘ ‘ ‘ ‘
uncertainty in the parameters, UM,, and M, , that is, the 0
system has much more sensitivity to these three parameters.

The false alarm rate reported can be reduced if thresholds for Figure 4 - Pitch-attitude time history for a 0.1 step in reference
pitch-attitude @.¢) for the vehicle without the IFD system.

0 2 4 6 8 10
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14 CONCLUSIONS AND COMMENTS 6

From the study performed it has been noticed that the system
has detected almost all the simulated failures ( four cases, zero
,maximum, stop and incipient ). We remember that in the stop
case the failure has not been reported because the sensor was
showing the actual state.

However, it is necessary to study other failure kinds and to
assess the system working with the nonlinear model of the
vehicle, actuator and sensor models.

0 L . n n
0.2 0.3 0.4 0.5 0.6 0.7 0.8

] IR A T T Figure 8 - Time history for the decision functiga for the
oa2b - - - Al - o ceoe ] vehicle with the IFD system, 30% uncertainty indd 30%
‘ ‘ ‘ ‘ in My

oaf - f - - N

0.08F -/- - - e - R R I
el L S
0oaf [~ R e

0.02f [ - - - S e I

0

0 2 4 6 8 10
Figure 5 - Pitch-attitude time history for a 0.1 step in reference
pitch-attitude @.) for the vehicle with the IFD system.

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.3
025 . . . . . . .
o2 Figure 9 - Time history for the decision functigp, for
015 the vehicle with the IFD system, 30% uncertainty jrabd
01 30% in M,
0.05 1.6
0 1.4
-0.051
o1 1.2
-0.15 1
02 2 4 6 8 10 08
0.6
Figure 6 - Control effortf{) response for a 0.1 step .
in reference pitch-attitude8.f ) for the vehicle without the 4
IFD system. 02
0.3 32 03 04 05 06 07 0.8

0.25

o2 Figure 10 - Time history for the control rate effﬁ?r; for

the vehicle with the IFD system, 30% uncertainty jnand
30% in M, during the transition phase.

0.15
0.1

0.05

0.1 - - - - -
-0.051

-0.1 0.05

-0.15F -
02 2 s 6 8 10 0
Figure 7 - Control effort{) response for a 0.1 step in 0.05
reference pitch-attitude € ) for the vehicle with the IFD

system. o

.0.15 . n . n n
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 11 - Time history for the control eff@¢t for the
vehicle with the IFD system, 30% uncertainty ig &hd 30%

in My, during the transition phase.
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launcher, when it is possible to use sensors for roll-rate (p ),
yaw-rate (r), roll-attitudeq) and yaw-attituded( ), and then the
system will be able to support even a double failure, and still
reconfigure the control law. It can also be mentioned that the
present study did not take care of noise in the sensor outputs, &
feature that can be included in future studies.

0.25

0.2
0.15

0.1
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