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Abstract: Recent research papers on estimating the effect of inaccurate model are still quite difficult to apply in engineering
computations. To decrease the error caused by model uncertainty, a separated robust filter for estimating both the state and un-
certain coefficient matrix of discrete-time system was presented. To get accurate estimation of both the state and uncertain ma-
rix, the new robust filter was built up by three parts: First, uncertainty-free state estimator. Second, uncertain matrix identifi-
cation. Third, robust mix filter. In uncertainty-free state estimator, the uncertain parts of both the system matrix and observation
matrix are all considered as zero. In uncertain matrix identification part, the innovation of uncertainty-free state estimator was
used to get uncertain matrix identification. In the robust mix filter, the state was further improved by the result of both identified
uncertain matrices and uncertainty-free state estimates. By estimating upper bound of state-error-covariance matrix in the time
update and by estimating lower bound of observation-inverse-covariance matrix in the measurement update, the mix — filter gain
matrix was obtained. Thus state estimating errors caused by uncertain matrix can be decreased. Finally, the proposed approach
was applied to a certain aircraft, and the numerical simulation results showed fairly good agreement between flight-testing data

and the data obtained by the proposed filtering method.
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1 5|5 (Introduction)
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2 [ HiA (Problem statement)
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x(k+1) =[A(B)+AA(R) Jx (k) + (k) w(k),
y(hk+1) =
[CCh+D)+AC(k+1) )xk+1) 4 v(k+1).
(1)
A x (k) € 20 MREME  y (k) € =7 R a)
How(kh) € 7P HRKBAE R E; v(k) € =" W
MR A, T, C HOHMREEER ;A4.ACH
HH L) 2 BB E R 4, Bl A R
BEAG R w(k) IR v(k) HED
(AR5, BN R Y k.
E [w(k)]=0, E [v(k)]=0. E [w(k)v"(j)]=0,
Elw(k)w'(j)] = Q(k)dy,
E [v(E)W'()] = R(K)S,,
(2)
HS5REVHERMMETHE x(0/0) F6.
X R, Kalman JE 7 FE AT LAZS 40 R+
1) BRI .
x(k+1/k) = [A(k) + DA(K) ]x(k/k),
P(k +1/k) =
[ACK) + AME)IP(k/E)[A(K) + A(K)]" +
(k) Q(E)I" (k).
(3)
2) MEEH.
P Uk +1/k+1) =
Pl k+l/E)+[C(k+ 1) +AC(k+1)]TR " (k +
DIC(k +1) + AC(k +1)],
K(k+1) =
P(k+1/k+D[C(k+D)+AC(k+D "R (k+1),
x(h+1/k+1) =
x(k+17k) + K,(E+ Diy(k+1) -
[C(k +1) + AC(k + 1) ]x(k + 1/k)}.

(4)

MTFRG) . (4)FHRHMERE AL AC 7, H
BREGITESMETREND T ERE x(k/k),
P(k/k) BT N TR — B &8, M08 of K

3 BRIt (Robust state estimation)
W
AACK) = H(E)F(K)E(k),
I F(k) I < 1.
A HEC =" EC =rxn g e,
x(k+1) =
[A(Kk) + HE)F(K)E(K) Ix(k) + D(k)w(k).

(6)
AT EAGHR S
F(k) = diag [fi.fo 0 £ ], (7)
H(k) = [H, H, H],
; (8)
E(k) =1E, E, E}".
KR () () RAK(6), 75
x(k+1) =
[A(K) + HUE)F(B)E(K) Jx(k) + T(k)w(k) =
A(K)x(k) + [H, H, H]-
diag [f1,f2. . fILE, E, E)x(k) +

AR xR + (S FHE)x(k) + T(RIw(R). (9)
X, x(k + 1) HIMEEH A
x(k+1/k+1) =
x(k+17k) + K,(k + )iy(k +1) -
(C(k+1) + AC(k + 1) ]x(k + 1/k)} =
[A(K) + (if,—HiEi)]x(k/k) +

i=1

K(k+Diylk+1) -[C(k+1) +

ACCR+ DA + () fHE 1x(k/K)}. (10)
i=]

H(10) - (915
i(k + 1/k + 1) =
- K(k+D[C(k+1) +AC(E + 1)I[A(K) +

(ifiHiEi)]f(k/k) - K (k+ Dv(k) +

i=1

1 - K(k+1D[C(k+1)+

Mtk x(k/k), PG/ HER T ER AR ACU + DIIT W (k). (D
B T HEX(9).(11),1%
[ N R 0
x(k+1) A(k)+(._=1lelEl) x(k) N
¢ = oy v (k/k
2k + 17k +1) 0 (1=K (k+1D)C(k+ DA +( D fHE,)] £(k/k)
L i=l
r(k) 0 ” w(k) (12)
(1 -K(k+DC(E+1D]0(k) - K(k+DILy(k+1)
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A Clk+1) = Clk+1) + AC(k +1).

S| AREH AT S MEHE £ v18
x(k+1/k+1) =
x(hk+ 1/k)+ K(k+ D gk +1) -
[Clhk+1) + AC(k + ) ]x(k + 1/Ek), =
A+ N AfHE, 1xCh/k) +

=1

KAk+DIy(k+D=[Ck+D+AC(k+D [ A +

S(f, + ADOHE) |x(k/k) . (13)

t=1
W
{AC(k +1) = Gk + DAL+ DSCE+ 1),
lAGE+ D || < 1.

(14)
R G € = § € oxn A€ maxd
HTETHE, S
A(k + 1) = diag [/\1./\3."'./\,,],
Glk+1) =[6.6,.-.G,]. (15)
S(k+1) =18 S = §,]1%

S A B R AN B E B p9 i AL, R (13) T L,
HY

x(k+1/k+1) =

x(k+1/k) + K,(k+Diy(k+ D-[C(k+1)+

q
E(i, + A/\,)G,S,]X(A + l/k)% =

=1

LACK) + E(f + ADHE)x(k/k) + K.(k +

i=1

Diy(k+ 1) —[Clk+ 1)+ > (4 +

AR GSILAE) + N (F+AFYHE) 1x(k/k) .

(16)
B oF T A3 25 R R A TR ZE R T E N
P k+1/k+1) =
P 'k +1/E) + [C(E+1) +

(A, + AA)GS: TRk + D[C(k + 1) +

-

('il + AA;)GiSIjIO

i

K.(k+1) =
Plk +1/E+1D[C(k+ 1)+

q
N+ MOGS TR (k+ 1), (17)
i=1

Bof (8] B T IR 2 89 b 25BNy
P(k +1/k) =

[ACK) + S(f} + ADHE P(k/k) -

AR+ NN (F o AFYHE T+

=1

F(YQ(E)I (k). (18)
4 E%45EHE % (Robust separated method)
R TR E BT i fae o fio A Az,
A, BN EE RS, QRSN , S F = E
PF(E)E,A = E 1Ak + D], B F = diag [f1,/>,
o fils A = diag[ Ay, g, 0,4, ] Bt X REAL R 5
ALMERU R - ER I ERaEE k.
R (1) .(14) .(15) A Al
y(k+1) =
[CCk+ D)+ > (A, +MA) 68 Ix(k+ D) +v(k+1),

|

q
L=

(19)
%
v(k+1) =

ylk+1)-[C(k +1) + 2(& + AA)GS LAY +

i}(ﬁ + MOHE 1 x(k/k). (20)

5 (20) T 8

Ik +1)
(7fi -

q
S[Ck+ 1) + 20K + M) GS IHE x(k/k) ~
i=1

q

[Ch+D+ A6 IHEx(k/k), i =1,2,,r, (21)
1=1

I (k + 1) N
o =

CGSIAGK) + (T ARYHE x(k/k) =~

~GS[ACKY + N FHEx(k/k), i = 1,2, 4.

=1

(22)
/_:’\
b(k) =[fi f fi AL Ay A 0N (23)

B fifier oA A Ay B RS
AT
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bk +1/k+1) = bCh/7k) - KyCR)V(k + 1),

Ky (k)= Py(RYUT(CK)LR(W)+ UK P, (KU ()],

P,(k+1) = P(E) =P (K)U"(KYLR(K) +
UCEYP,(RYUT K 1 U R P (K.

(24)
A
, Ik + 1)
UCk) = Tb(T (25)
V(k+1) =

0
yk+1) = [C(k+1)+ }_:i,‘G,S,][A(A‘) +
1=1

N THE x(k/k). (26)

KOQOFE TREMGITE.
FIREMG T UG K

xolk + 17k + 1) =

xo(h + 17k) + Ko(k + D iy(k +1) -

q
[CCk +1) + M A65 Ixo(k + 1/k) | =
t=1

[ACK) + N FHE JxCh/k) + Ko(h+1) 1y (ks

=1

D -[Ck+1)+ A681[AGK) +

=1

NYVEHE) x (k) S (27)

Pil(k + 1/k + 1) =
Pol(k + 1/E) + [C(k +1) +

q q
NAGSTR Gk + DICChk+ 1) + 23681,

1=1 =1

Ko(k +1) =

¢
Po(k+1/k+D[Ck+ D)+ >, 65 1"R"(k +1).

=1

(28)
EHESRBANEST
x(E+1/k+1) =
xolk + 17k + 1) + Vi(k + DKk + 1/k + 1),
(29)
Plk+1/k+1) =
Polk + 17k +1) + Vy(k + DP(k + DVi(k +
D o+ Vilk + DPy + PLV(E + 1), (30)
Fi—JTIH
P(k+1/k+1) =
Pk +1/k) = Pk + W/E)LC(k + 1) +

ACCE+ DINR(E+ 1) « [C(h+1) +
ACCk + NPk + 1/E)[Ck +1) + AC(k +
DI Ck + D) + AC(E + DI"PCE + 1/k).
(31)
SE X
Pk +1/k) =
[ACE) + AA)IPCR/EV[ACK) + A4 T +
C(EYQR)' (k) =
Po(k + 1/k) + AP(k + 1/k), (32)
ARk +1) =
Clk+ DPk + 1/E)DAC™(E +1) + AC(k +
DPE+1/E)C(k+1) + [C(k+1) + AC(k +
DIAP(E+1/E) [ CCh+ 1) +AC(k+1) ], (33)
#¥(32) (BRARXGHH, T/
Plk+1/k+1) =
Polk + 1/k) + AP(k + 1/k) — [ Po(k +
1/E) + AP(k + 1/E) ][ C(k + 1) +
ACCE + DIY[RE+1) + Clk + 1DP(k +
VEYC (k+1) + AR(E + D] " [R(E+1) +
Clk+ DPCk+ 1/E)C"(k + 1) 7" [C(k + 1) +
ACCk+ D) " [ Po(k+1/k) + AP(k+1/k) ] -
[Po(k + 1/EDCT(k + 1) + AP(k + 1/E)CT(k +
1) + AP(k + 1/EDACT(E + 1) + Py(k +
VIIACT(E + DIR(E+1) + C(k + 1)P(k +
VEYCT(k + D] [ Po(k + 1/E)CY(E + 1) +
AP(E+1/E)CY(E+ 1) + APk +1/7EDACT(k+1) +
Po(k + 1I/E)ACT(E + D" (34)
EEL V,(k + DE PCh + 17k + 1) B/, %2 (30)K
SHAIG
Vi(k+1) == P, P;'(k +1). (35)

RAR(30), 9115
Pk+1/kE+1) =

Polk + 1VE +1) = Vy(k + DP(k + DVE(k + 1).
(36)
ELg 2 (34) .(36) Pl 51
Vilk + DP(E+ DVi(k + 1) =
“APCk+ 1K)+ [Polk+1/k) +AP(k+1/k) ][ C(k +
D+ ACE+ D]"R(E+1) + C{k+ DP(k +
VEYCT(k+1) + AR(E + D)™ = [R(E + 1) +
Clk+ DP(k+1/E)C™(k+ DITHICE + 1) +
AC(Ek + DIT[Py(k + 1/k) + AP(k + 17k)] +
[Po(k+l/k)CT(k+l)[R(k+l)+C(k+1)P(k+
/EYC (k+ D 1T APCE+1/7E) CT (k+1) +
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APCk+1/E)ACT (k1) + Po(k+1/K)AC™ (k+1) 1T+
[AP(k+1/k) CT(k+1) +AP(k+1/k)ACT(k+1) +
Polk + 1/EDAC™(k + D[Rk + 1) + C(k +
DP(k + 1/E)C™(k + ][ Py(k + 17k)C™(k +
D) + APk + 1/E)C™(k + 1) + AP(k +
I/E)ACT(k +1) + Polk + 1/E)AC (k + 1)]".
(37)
KFLGBDAE V(k + 1).
AT EA(3T) AT AR T AN
MFXNTFEEETEH o, #H (Bja +
Bra™')(Bya £ Bra )" = 0 @7 Kl
T+ BBl ¥ B,BT < a®B\B] + a*B,B]. (38)
1XFE, B[R] B TH iR 22 U i 2206
P(k +1/k) <
(1+ [ AGK) + N FHEP(k/k) -

=1

[ACK) + er”,»H,-E,-]T + T(k)QUOT(k) +

(1 + b‘z)[SAﬁHiE,-]P( k/k)[}ilAﬁH,-E,-].

i=1 =1

(39)
X b AMEBEFFH.
& E R EN D EE R
PYE+1/k+1) =

FL+ bDLACK) + Z:rl)fiH,-E,-]P(k/k)[A(k) +
S;,I‘f}H,-Ei]T + T(R)QUE)TT(k) +

(1+ b'z)[Z}Aﬁ-HiEi]P(k/k)[Z;AftHiEi]'ri" +
(1-a>)[C(k+1)+ =ii,-(;is,-]TR-'(k +
DIC(k+1) + i:,i,-c,-si] - (1-

q q
a D[ D ALCS TRk + 1) >, ALGS, =

i=1 =1

P '(k+1/k +1). (40)
XEE, R (36) .(40), V,(k + 1) TR TFTREAH:
Vilk + DPy(k+ DV (k+1) =
Polk + 17k + 1) - P(k + 1/k + 1).  (41)
Ei, B EESERLEHEH . ACLHRE
S BVMEN T BAl THER 22 0F, gt 7T LR SRS
SR M.

5 Z5FR L3k (Result comparison)

KA E S B RAE R A

i =-qw — gsin U + A,
{u’} = qu + gcos U + A., (42)
9 = q.
A w,w B, : HAEE R A A, B,
BETInEE B0 M g MIIAERE, ¢ A
BN ECRARELIRR).
JE B LR B iR 2 B AT R LA R

iR .
4, = qu.r + by + 7,5
Ap = Avm + A A o + b+ g, (43)
Ache = Apm + A A g + b+ 7
KA s m RRMBEER, A AN B H IR E
TR, p ARBHLER b RRWEZE R+ HR
ZEI KB B R E R /MR IR A A,
— R ICIEF SR E , AT R 1 CHLIE sh iR RLA) R
T B T LA B R e Mg A I

HTEF RSB EBA T s g
OTERE T EER WL L R iR s
BE BT A S B S RiRE R, R0 A 8
T 1 B B 2 T A SO R f Al
AR BRI B 28, AL ENREEWS
RATEE RV & BB .

0 5 10
/s
BT R S £k (k) 5 &R
BT R (KRR
Fig. 1 Pitch angle fit between measurement and
estimation by ordinary robust filter
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Fig. 2 Pitch angle fit between measurement and
estimation by new robust filter
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6 Z5RiE (Conclusions) { SHI Zhongke . Computational Method for Optimal Estimation [M].
B TS AHIE B SRR I (T AL A Beijng: Scence pres. 2001
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