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Abstract

This paper puts forward a principle of failure detection with Kalman filters
as main elements in digital redundant control systems. It also preseants and
proves a method of failure location by the comparison of output error variances.
The method was tested and verified by the satisfactory results of digital simula-
tions, and it is of great importance in the improvement of the reliability of the

system,

1. Introduction

As well known, when the number of channels in a digital control
systems is two, the existing failure can only be discovered by comparison,
but cannot be located, So some compensation means must be introduced,
Analytical redundancy with kalman filters as main elements, which is
discussed here, is just an effective method,

2, Principle of Failure Detection of Analytical Redundancy

Assume the redundant system has two channels and each channel has
two kinds of signals, then a failure detection method is shown in Fig.1,
where Sy, is the second kind signal in the first channel; C is the comp-
arator whose output is“!”when the difference of its input signals is greater
than the threshold, otherwise, the output is 40” ; DF is a diagnostic
filter, L, and L, are the state or output error variances of two channels
respectively,

It can be seen from Fig,1 that this structure can be used for locating

the failure, Let A4,, A4,, A,, A, be the failure events of Siis Sy1s Siss
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Sy2 respectively, Their logical representations can be written as follows:
A,=C,-Q=(IS“—S“|>6)AND(L1>LZ) (1)
Similarly we have  4,=C,.Q0, 4,=C,.Q, 4=C,.Q.

Evidently DF is a key part for this method, Here we discuss the
analytical redundancy with kalman filters as main elements becayse it
will be seen that Kalman filter can deal with not only noisy problems
bnt also deviation problems,

3. Failure Detection Princtple of Dual Kalman Filters
Let the system model be
xn+l=ann+ann+Pnun (2)
yo=Hlix, +v, (3)

where {u,} is a known input sequence, {w,} and {v,} are white noises

with zero means and covariances Q.. R, respectively, x, is a Gaussian

random variable with mean x, and covariance P,, And x,, w, v, are
independent from omne another, x,ER", u,ER", Y. €R, The Kalman filter
algorithms are as follows,

~

xn+l/n=Fn;n/n-l+Pnun+Kn(yu_H"T;n/n-l) (4)
Zn-bl/u:(Fn—KnHﬂT)Zrl/n_l( F"_K"H"T)T_I_ Gnon GnT'I'KanKnT (5)

K’leﬂzn/ﬂ—lHn(HﬂTZn/n_lHn+Rn)_l (6)
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with initial conditions ;c\o,_1 = ;0, Xo/-1 =P, where ;c\,,“/,, is the predic-
ted estimate of contaminated state vector, Dini1s 0 is the estimation error
covarjance, K, is the Kalman filter gain,

Suppose {y,,}, the measyrements of first channel, are contaminated
by noise more seriously than {y,,}, the measyrements of the second
channel, that is, R,,>R,, for every n, then their corresponding covariances

are respectively
Zﬂl+l /n =(Fn—K1nHﬂT)Zv=[n-1 (Fn"'KlanT)T"'GnQn G”T+KlannK1T'l (7)
2w =(F-K, HHZY 0oy (F,- K, , HDT+G,0, GT +K, R, , K5, (8)

According to the inductive method, we can prove (the details can be
seen in appendix)

Dot n ?2'%“/" ¥n 9)

It can be seen from the above that based on the error covariances, we
can judge which channel is more seriously contaminated by noise, and
therefore locate the failure,

If failure is deviation problem, or if failure includes both noise and
deviation, we can draw the same conclusions, Consequently no matter what
type a failure is, it can be located based on the above scheme of ana-
lytical redundancy,

But unfortunately it is difficult to calculate the equations of Kalman
filter in real time, However, because the state estimate is only used for
failure detection, we here propose a program of analytical redundancy
with a constant gain (suboptimal) Kalman filter, The existance condi-
tions of the suboptimal Kalman filter couyld be seen in (1), Apparently
there is no problem about the real time computation of the suboptimal
Kalman filter with a constant gain, And we can also prove the above
conclusions if K, is substituted by a constant K,

However when a constant gain Kalman filter is used (gain K is cal-
culated off—line), 3,,,,, is never calculated and never known, so it can
not be used for failure detection, In a practical system, what we know
are only the measurements of outputs and their estimates (or the esti-
mates of the states), We can also prove that the failure could be located

based on the output error variance as follows,

Let

Y =T Lo B (10)
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be the estimated value of outputs, then
Yn— yn/n_I:HrT(xn— xn/u_l)+vn+g (11)

hence the output error covariance (i,e, the error covariance between the

measurements and estimates of the outputs) is

i:/"‘l =H"TZ"/"_1H"+R"+§,£T (12)

If R,,=R,, and/or E,ET=E,El for two channels, then their corresponding

state error covariances satisfy
Dam-1 =2k ey W1

Upon above we can easily prove that their corresponding output error

covariances satisfy
y Y
2"7”-12271;"—1 iz (13)
hence
Y y
tr(Z ) 2200, ) ¥ (14)

where tr(A) is the trace of matrix A, it is just the output error wvari-
ance,

Up to now, we have proved the principle of {failure detection of
analytical redundancy with constant gain Kalman filters, It is worthwile to
note that the above program may bring about notable errors to theesti-
mates of the states, but it cannot influence the correctness of the failure
detection, it also can be shown that the above conclusions could be ex-

tended to the continuous systems,

4, Digital Simulation of Analytical Redundancy for Sensors of An Airplane

In a redundant digital control system of an airplane, given the pitch
short—period dynamic equation of the airplane(for Mach number M =0.8,
height H=0),

y=Cx+v G
where gk ( ~2.670444  15,032745 ) AL ( 0 )
1 -2.603823 p

B

1l

(—47.61327) C:( 1 0 )’
-0,26095 L0 1
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a (angle of attack), ¢ (pitch rate) are the states of the system, and they
can ba measured, so they can be regarded as outputs, And given the

controller & =f(x), whose details can be seen in(2), In addition w, v

0.001 0 )

are white noises, Ew)=E()=0, Q=cov (w, W)z( 0 0.001

0.4 0 )m
0 0.075

R=cov (v, V)= (
and x, is a Gaussian random variable N(0,1), x,, w, v are independent
from one another,
When a Kalman filter is realized in a microcomputer, the state equa-
tions are calculated with the corresponding discrete-time equations, that
is,
x,=Fx,_+ GO, +w, 17)
Yo=Xnt+ (18)

T
where F=¢47, G=j eAT Bdt, T is the sampling period,
0

Evidently, based on the above the Kalman filter will tend to be con-
stant when t—>oco, Therefore we can find the constant gain K in advance
for the computation of the Kalman filter, Above analytical redundancy
was simulated in a computer FACOM 230, The following is a table of the
steady values of the state error variances and output error variances

under some fajlure conditions,

Failure condition | Zx Sy
6= b_0.068 1.1386 | 0.2021
§ = 0-0.020 0.2013 | 0.0508
a=a+0.04 @ 0.1024 | 0.1477
a=0a+0.05 & 0.1855 | 0.2467
a=0+0.4 0.0545 | 0.4338
a=a+0.2 0.0312 | 0.0886
No failure 0.0212 0.0212

-~

where 6 is the measurement of 0, o is the measurement of ¢y X, is the
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state error variance; Xy is the output error variance,

According to the above table, we can know that the more serious the
failure, the greater the corresponding >, or Xy, Hence the failure can
be located based on the comparison of Xy of the two channels, This just

verifies what we proposed,
5, Concluding Remarks

The method of analytical redundancy proposed here is both simple and
practical, The use of suboptimal Kalman filter does not influence the
correctness of the failure detection,

In addition, a real airplane model is time—variant, In order to ex-
press the change of the parameters of the airplane, we usually adopt the
method of parameter—adjustment, that is, K wvaries with the change of
the airplane state, from which the greater estimate error may arise, but
the correctness of the failure detection cannot be influenced,

I would like to give my hearty thanks to professor Guo Suo—Feng,
under whose supervision this work was done,

Appendix; Proof of the Failure Detection Principle of Dual Kalman Filters

Let the equations of a Kalman filter be
Fos1/0= (Fam K,HD) %opoy + Koo+ Py,
Zaet/a=FolZwacr = Dot Ho(HLZ 0o\ Ho+ R HY R0y o JFL+ G0, G
K,=F, 3.0 Hy(H Z 0y Ho+ R

assume for two channels, R,,=>R,, %n, other conditions are the same, We
prove that their corresponding state error covariances satisfy the following
by the inductive method,

DI PR A Mn
Evidently when n=0, 3{,-,=3%,-, =P,, 24 ,-1= 24 /-1 holds, suppose
when n=k, we have 2hm-1 =28 -1, then when n=k+1,
Shean —Zhei =RLZ 4 -1 - Zklllk-lHk(HZZI:/k'l Hk+R1k)-lHZZkI/k-1 JF T
—FlZ8 -1 —2i -1 Hy(H{ZE - H,+ Ry ) 'H{ S} )4-1 I F},

=F{U(Z4 - )+ He R HD ™ = (B p-1 )+ Hy R3 L HP) '} FY
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Suppl.1.2
0 24 -1 — S pu-120, Rip—Rue==0,
Ye (k-1 7! —(Zz/h-l )T'<<0, Rii- R7 <0
(Zimm Y L+ Hy RIVHIS(Z -1 )7 +H,R3 Hj,
Hence Sher s = Dher =0, ive. St =Dk

we know the conclusion holds based on the inductive method, that is,

ae1 o = he1n Vn

where the following equation is used,

(X +HR'HN) ™' = X SHHTSH+R) ' H'Y
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