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MMSE State Estimation Approach for Linear Discrete-Time
Systems With Time-Delay and Multi-Error Measurements

Yao Sun, Fengshui Jing, Zize Liang, and Min Tan

Abstract—This technical note focuses on designing a
novel optimal estimation approach for linear discrete-time
systems with time-delay and multi-error measurements, in-
spired by the measurement demands of the Five-hundred-
meter Aperture Spherical radio Telescope. Measurement
errors from different measurement channels, which are
considered equal in many previous estimation methods,
are usually negatively correlated with time-delays. Mea-
surements with higher time-delays usually have less errors
than the ones with lower delays. Our approach improves
the estimation accuracy by decreasing the usage rate of
measurements with larger errors. To prove the optimality
of the approach in the minimum mean square error sense,
a derivation procedure is presented. A numerical example
and comparison are also given to demonstrate the feasibil-
ity and advantage of the proposed approach.

Index Terms—Explicit time-delay, MMSE state estimation
approach, multi-error measurements.

|. INTRODUCTION

The Five-hundred-meter Aperture Spherical radio Telescope
(FAST), which was proposed by astronomers from ten countries
including China at the General Assembly of the International Union
of Radio Science in 1993, is a Chinese mega-science project to build
the most sensitive single dish radio telescope in the world. The active
moving feed cabin of FAST requires high accuracy and real-time po-
sition estimation by multi-fold measurements [1]. GPS-RTK and total
station, whose parameters are given in Table I, are the two selected
measurement equipment for the feed cabin [2]-[5]. The required real-
time measurement accuracy of position is RMSE < 3 mm [6]. Neither
of the two equipment can meet the demands: the measurement time-
delay of GPS-RTK is approximately equal to zero, but the RMSE of
its accuracy is overlarge; conversely, the measurement time-delay of
total station is too great to ignore, although the RMSE is acceptable.
Therefore, we describe the active moving feed cabin subsystem as a
discrete-time system with time-delay and multi-error measurements,
and our aim is to find an optimal estimation approach for it.

Optimal state estimation approaches for linear discrete-time systems
have been widely studied and have found many practical applications
in signal processing, control and communication systems [7]-{9].
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TABLE |
DETAILED PARAMETERS OF GPS-RTK AND TOTAL STATION

Parameter GPS-RTK Total Station
Time-delay 5 x 10~ 5ms 220ms
RMSE! 20mm 3mm

1 Root—mean—square error.

Optimal state estimation is the minimum mean square error estimation,
which is termed as MMSE state estimation [10]. A classical MMSE
state estimation approach named Kalman filter has been well studied
in the past decades [11]. With the development of multi-sensor data
fusion technology and network control systems [12]-[16], time-delay
and multi-error problems are becoming two focus issues in MMSE
estimation. However, the standard Kalman filter cannot be applied to
systems with time-delay and multi-error measurements.

Although several estimation methods including augmented state
Kalman filter [17], [18] and re-organization observation Kalman filter
[19]{21] have been studied to solve the time-delay problem, previous
optimal estimation methods for multi-measurement systems were stud-
ied based on a widely accepted assumption: measurement errors from
multi-measurement channels with different delays were considered
equal. This assumption leads to a heavy use of measurements with
lower delay during the iterations. As shown in Table I, measurements
with lower time-delay normally have larger measurement errors than
the ones with higher delay, otherwise, there is little reason to use
measurement equipment with higher delay. Nonobservance of the
negative correlation between time-delay and measurement error results
in accuracy degradation in the final results. Thus, the previous methods
can hardly be used to solve the state estimation problem of FAST.

In this technical note, we design a novel MMSE estimation ap-
proach for linear discrete-time systems with time-delay and multi-error
measurements. This approach uses innovation re-organization to deal
with the explicit time-delay problem [19], [22]. Compared with the
previous estimation methods, which use measurements with larger
errors several times in each loop iteration, our approach uses this type
of measurements only once in each loop iteration. By decreasing the
usage rate of measurements with larger errors, our approach improves
the final estimation accuracy and solves the multi-error problem.

The rest of this technical note is organized as follows. In Section II,
we will give the problem formulation. The novel MMSE estimator is
presented in Section III. In Section IV, we compare the proposed esti-
mation approach with the traditional augmented state method and the
re-organization observation method in [19], via a numerical example.
Finally, some conclusions are drawn in Section V.

Il. PROBLEM FORMULATION

Inspired by the measurement demands of FAST, we consider the
following linear discrete-time system:
.T(tk+1) = @(tk)x(tk)—kf(tk)u(tk) (k :0,1,2,...) (@))]

where t; is an arbitrary discrete moment, ®(t) € R is
the bounded time-varying transition matrix, I'(t;) € R9*" is the
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time-varying coefficient matrix, z(¢;) € RY is the system state vector
and u(ty) € R" is the system error. The system state is observed
by two measurement channels with unequal time-delays, which are
described as

yo(ti) = Ho(tr)x (tF) +vo(ts) (tF =te — Xo) )
yi(te) = Hi(ty)z () +vi(te) (t, =t — A1) A3)

where yo(t;) € RPO is the measurement vector with time-delay Ao,
y1 (t) € RP1 is the measurement vector with time-delay A1, Ho(ty) €
RPo*1 and Hy(ty)€ RP1*% are bounded time-varying matrices,
vo(tx) € RPO and vy (tx) € RP! are measurement errors. The above
posp1 ¢, 7 € NT.

Remark 1: According to Table I, \g < A1 and \g < tg41 — tg,
thus we can ignore \g.

Remark 2: To simplify discussion, we note the time delta as
tk+1 — tk = 1and to =0.

Assumption 1: The noises u(tx), vo(t)) and vy (t) are mutually
independent white noises with zero means and known covariance
matrices

Cov [u(tr),u(s)] = Qutr)dy,,;
Cov [vo(tk), v0(J)] = Qug (tr)ty,.5
Cov [’Ul (tk), U1 (])] = Qm (tk)étkd

where §,, ; is the Kronecker delta. Moreover, these noise variables and
z(0) are mutually independent.

Assumption 2: The initial system state z(0) is subject to Gaussian
distribution, i.e., z(0) ~ N (p,, 62). In this technical note, we assume
1o = 0 for the purpose of mathematical tractability. The case of p, #
0 could be considered homoplastically.

Assumption 3: x(t) is the state that is to be estimated at ¢, = ¢,
we assume the given time ¢ > \; in this technical note. The case of
Ao <t < Aq could be solved by the standard Kalman filter because
there is only one available measurement channel without delay during
that time. The case of ¢t < Ay cannot be solved because there is no
available measurement during that time.

Assumption 4: As the measurements with lower time-delay have
larger errors than the ones with higher delay, we assume Q,, > @, .

Let Z(t|t,t) denote the MMSE state estimation of x(t), given
the two measurement sequences {yo(0),yo(1),...,y0(¢t)} and
{91\, 91\ + 1), 31 (8)} (denoted as {7o(t)} and {FT()}
respectively, for convenience). Our aim is to obtain &(t|t,t) at any
given time ¢, i.e., for any time ¢ € (A1, 00).

Ill. CONSTRUCTION OF STATE ESTIMATOR

In this section, we design a novel MMSE state estimation approach
for linear discrete-time system (1) with time-delay and multi-error
measurements from measurement channels (2) and (3).

A. Observation Re-Organization

Let y(t) denote a consequential measurement from systems (2) and
(3) at the given time ¢ and v () denote the related measurement noise.
Then we have

y(te) = 4 | Y0 )0 00l (0t <)
[%/g(tk),yf(i;)]f ] (te > A1)

oty = 4 |0 )0 00 (0t <)
[;)g(tk)wlT(i;)]T_ (tr > \1).

The MMSE state estimation of x(t), given the consequential observa-
tion sequence {y(tx)|o<t,<¢}, 18 Z(t|t, 1).

By re-organizing measurements, we want to eliminate the explicit
time-delay item. At the given time ¢, our aim of re-organization is to
produce a measurement sequence

{y2(tk)|ogtkgt‘3y1(t’“)|t_<tk§t}
= {32000, 2(1),.. ., 2o(t7); i (t™ +1),..., 1(0)} &)

without the explicit time-delay item. V¢, € [0,¢7], Va(¢)) denotes
the re-organization measurement at this moment, Ho (¢5) and Vs (¢)
denote the re-organization measurement matrix and the re-organization
noise, respectively. Vi, € (t7,t], V1(tg), Hi(tx) and V;(tx) denote
the analogous re-organization variables at this moment. The above
variables are shown in (5)—(7)

A Yo (tx) _
Vao(ty) £ Ln(tﬁkl) (tr € [0,7]) 5)
Vi (te) = [yo(te)] (ts € (t7,1])

S HO(tk) _
Ho(tn) = [Hl(twAl) (tx € [0,27]) ©)
Ha(tr) = [Ho(tk)] (tr € (t7,1])

A UO(tk) _
Vo(ty) 2 |:U1(tk+>‘1) (tr €10,27]) @
Vi(tr) £ [oo(ti)] (te € (7))

where Vs (1) and V; (1) are mutually uncorrelated white noises with
zero means and known covariance matrices
wo (t 0
sz (tk) é Q 0 ( k)
0 Qvl (tk + >\1)

Qv1 (tk) £

[Qvo (tk)] .

Definition 1: Let X,(t~|t~) denote the MMSE state esti-
mation of x(¢~) given the re-organization measurement sequence
{2 (tr)lo<s, <~ and Xy (t|t) denote the MMSE state estima-
tion of x(t) given the re-organization measurement sequence

{y2(tk)|0§tk§r ) yl(tk)|t*<tk§t}'
Lemma 1: The following equation holds:

E(t|t,t) = Xy (t|t).
Proof: Note that

su=fl Slweas[or Yer o

Vi(te) =[lo  O1] y(ts) ©)

where Iy € RPO*Po and I, € RP1*P! are identity matrices, Og €
RP1*Po and O; € RPO*P1 are null matrices, ¢, € [0,¢7] in (8)
and t, € (t7,t] in (9). Correspondingly, y(tx) can also be ex-
pressed by Va(tx) and Y;(tg). Formulas (8) and (9) show that
the linear space spanned by sequence {y(tr)|o<t,<¢} contains the
same measurement information with the linear space spanned by
sequence {Va(tx)lo<s, <t—; V1 (t)|i- <4, <¢}- According to the or-
thogonal projection theorem, the MMSE state estimation & (t|t,t) is
the projection of z(t) onto the linear space spanned by sequence
{y(tr)|o<t,<¢} at the given time ¢ [23], [24]. Thus the MMSE esti-
mation given {Va(tr)|o<s, <t V1(tk)]e— <¢, <+ } equals the MMSE
estimation given {y(tx)|o<¢, <t} i.e., Z(t|t,t) = Xy (t]t).

The derivation of lemma 1 is complete. ]
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B. Innovation Re-Organisation

~ Lemma 2: X, (t[t) can be expressed by formula (10), and
Xo(t~|t™) can be expressed by formula (11)

Ry (t]t) =E [x(t)[ P (t7); D1 (1)]
ot t7) =E [a(t7)[a(t7)]

10)
Y

where F(-) denotes the mathematical expectation of random vector,
V1 (t) and Y5 (t~) have similar definitions to % () and 7 (t).

Proof: First, define P> (¢~ |t~) as the mean square error matrix
between x(¢~) and Xy (¢~ |t ™)

Pyt |t )=E {(m(t‘)f&(t_|t‘)>~(x(t‘)f/’\?2(t_|t_))T} .
Then it can be transformed into
P(t|t7)
:E[(x(t*)—zeg(ﬂf)—
ICOEEAG)

Blz(t7) )]+ B[e(t)[3a(7)])
B [a(O)V( )+ E o) F(0))

In this way, P (¢t [t7) becomes the expectation of joint distribu-
tion of random vectors V5 (¢~ ), z(¢~). Based on the Bayes formula,

By [l = E55[E, 55 [']] [23]. Thus, Py(t~[t7) satisfies

Py(t7) = By {EW—Q { [2(t7) — E [2(t ) )]]

- . T
[ lotoae- )] -
Second, there are four items E 57 + E, 37 + E 357 + E 37 in

the above expression E5:{-}. The first item is a constant non-negative
definite matrix [25]. The second item can be rewritten as

[o(t)2()]])
(B 20)22(7)] - Aol

Eﬂyz{[xﬁi)—-E

E[z(t7)[Y2(t7)]} = 0, the second item
is 0. For the same reason, the third item is 0. As E[z(t7)|V2(t7)] is
a constant vector, the fourth item is a non-negative definite matrix and
a function matrix of Xy (¢~ |t~ ). For this reason, Py(t|t™) is a non-
negative definite matrix and the lower bound depends on X, (¢~ [t ™).
To minimize P (¢t~ |t~ ), we have to make the following equation hold:

Because of £, 5 {z(t™) —

E,y, {(E B AGIEEAT)

(B L)) - aele) | =0

which means X5 (¢ [t7) = E[z(t7)|V2(0), Y2(1), ..., Y2(t7)].

Here, formula (11) has been derived. In a similar way, (10) can be
derived.

Thus the derivation of lemma 2 is complete. |

Next, we will give theorem 1 to calculate X5 (¢~ |t~ ) and Xy (¢]t) at
any time ¢. Theorem 1 is derived by reorganizing the innovations of
Va(t™) and Y4 (¢).

Definition 2: The innovation of re-organization measurement

Va2 (t7) is defined by

Va(t7) 2 Vo(t™) = (7]t~ — 1)

where ), (¢t~ |t~ —1) is the MMSE prediction of ),(t™), given
the measurement subsequence {)2(0), V2(1),..., V2 (t~ — 1)} [17].
V1 (t) has a similar definition.

Theorem 1: X, (t|t) and X, (¢t~ |t~) follow by lemma 2. At the
given time ¢, X (t|t) can be calculated via formulas (12)—(15) in the
case of ¢ =1 and 7 = ¢, the corresponding intermediate estimation
result X (t~|t™) can be calculated via formulas (12)—(15) in the case
ofe=2and7T=1":

Re(rlr) = ®(r = DA (r=1r=1)+ B [2()|V(7)] (12)
E [o(n)|3:(r)] = [@(r = DP.(r = 1r = )T ( ~ 1)
+ (1 = 1)Qu(r — DI (7 — 1)]
SHI(r)MZH(T)
Y -HDer DA (r=1r-1)| (13)
[‘I)(T —1)P.(r— 17— 1)<I>T(T -1)
+T(r = DQu(r — DI (7 = 1)]
AL =HIE ()M (T)H(7)
~[<I>(T —1)P.(r =17 — 1)<I>T(T -1)
+T(r = DQu(r —1) TT(r = 1)]} (14)
M. (1) =H(T) - [CD(T — )P (1t - 17— I)CDT(T -1)
+T(r = D)Qu(r — DI (7 = 1)]
HI(T) + Qu. (7)

P.(t]T) =

5)

where P.(7|7) is the mean square error matrix of estimation as we
have defined before, satisfying X (0]0) = p, and P, (0|0) = &2.
Proof: First, because Y, (¢t~ |t~ —1) is linearly correlated with
the re-organization measurement sequence {J, (¢~ — 1)} [23], it can
can be expressed by Vo (t~ [t~ — 1) = Zt o dy - Vo), where g €
N, d,, is the optimal weighting coefﬁcient So deﬁnltlon 2 is written as

tT —1

N(t)=0a(t7)+ Y dy-Valp) (16)

This shows that measurement information of Y5 (¢~ ) can be restored
viaformula(16), i.e., {5 (t )} and {J5(t~ — 1), V2(¢t~)} contain the
same measurement information, where Y (¢~ ) and {J5(t~ — 1)} are
uncorrelated [23]. Thus formula (11) is transformed into /'\?2 (t|t7) =
Elz(t7)|Y2(t~ — 1)] + E[z(t7)|Y2(t7)]. Based on assumption 1,
u(t™ — 1) is uncorrelated with {)5(0),...,)(t~ —1)}. Thus we
can get E[z(t ™) Da(t™ — 1)] = ®(t~ — 1)Xa(t™ — 1t~ —1).

The derivation of formula (12) is complete. Meanwhile, we define
Xy(t~ |t~ — 1) 2 E[z(t7)[P2(t~ — 1)] for convenience.

Second, according to the multidimensional Gaussian proba-
bility density function theorem: FE(ri|re) = E(r1) + Cov(ry,ra) -
Var~1(ry,79) - [ra — E(rs)] [23], where random vectors 71 and 75 are
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subject to joint Gaussian distribution, Cov() is the covariance matrix, Finally, we need to know the iteration expression of Py (t|t7).
Var() is the variance matrix, the following holds: According to the definition of P (t7[¢t7): P(t7[t7) = Ef(z(t™) —
N N Xo(t=[t7)) (z(t7) — Xa(t|t7))T], we can get
E [x(t*)|y2(f)] = E [a(t7)] + Cov [x(t*),yg(f)]
- ~ ~ ~ Pyt~ |t~
- Var™! [y2(t7)7y2(t7)] : {yz(tf) -E [y2(t7)}} . A1) .
- - E Rx(t—) Rt — 1)) <x(t‘) Rt — 1)) }
Because of E[z(t7)] =0 and E[Y2(t")] = 0, the above expression
is transformed into B [Gg(t*) (yg(ti)—ﬂg(ti).)e‘g(tilti _1))
Elz(t)Du(t7)]| =C ), Vot~ .
s3] e ) )]
Var ! (), Ba(t0)] - [32067) = et = 1)) a7y )
- E[(m(t’)—z’\,’g(tﬂt’ —1))

where

Cov [x(t—),gz(t—)} ~ (yg(t_)ng(t‘)/’\?g(tﬂt‘71)) Gg(t_)}
= B3 ()] FB[Go(t7) (Valt7)~Halt7) (i1 —1)
- {q)(ti —LE {(x(ti -1 - At -1t - 1)) ~(y2(t—) — Ha(t )Xo (t |t — 1))T GQT(t‘)} (20)
.(x(t* —1) = Ayt — 1t — 1))1 ) o
B B - - where Go(t7) £ E[z(t7)VI ()] E71[V2(t7)VL(t7)]. Because
DT (T - 1)+ T - DQut™ — I (1™ — 1)} Go(t™) is the product of 2 mathematical expectations, it is also a
HT () mathematical expectation. Therefore, the following three hold:

Var [$,(47),35(67)] = B [3,07)9F (¢7)

E {Gg(r) : (yg(r) — Mo () R ([t — 1))
= Hy(t7) {cp(t— ~1)E { (x(t_ 1) - At -1t — 1))

(o) = ot~ 1))?

4<x(t_fl)*/'\?2(t_71|t_fl)> } —E {(x(f) — Xt — 1))
R 1)} . (az(t*)—&(twr—nﬂ HI()-GL(E) @)
X HI (7)) + Quy (t7).

E {(w(t‘) At — 1))

Note the following three useful equalities:

E{[et) ~ %@t = 1) I )} =B [2()IF )] (22(07) = Ha(t )Rl 1 1))T : G?(t‘)}
E {vg(t—) [2(67) — Aot~ 1)}T} —0 _E { (a(7) ~ ot ft — 1)
Vo(t[t7 = 1) =Ha(t7)Xp(t [t~ — 1) . (x(t‘)—&(tﬂt‘—l))q HIE)-GL(tT)  (22)

as 372(15*) is uncorrelated with /'\?g(t*|t* — 1), Vo(t™) is uncorre- B _ oA
lated with X5(t~ [t~ — 1) and x(¢7), Va(t™) is uncorrelated with B \Gy(t7) - (yQ(t ) = Ha (1) (17T — 1)>

{)2(0), ..., Y2(t~ —1)}. Then we define M»(t™) as the variance . T
matrix of Y, () and get : ()}2 (t7) = Ha(t7) ([t — 1)) -Gy (ti)}
E [a(t7) 95(t7)] — B {(a’(t’) B - 1)
=[®(t" —DP(t” — 1t — 1" (t” —1) S T
D = 1)Qut™ — DIT(E —1)] - HI () Mz (¢ : (x(t )—Xa(tT [t —1)) } Hay (E7)Go (7). (23)

3y = e ~ DB~ -] a8
Also, according to formula (17) and the definition of Go(t™), it is
where known Go(t7) = E[z(t™)[Va(t7)] - Va(t™) = D2t |t~ = 1)] L.
So we have a very simple expression of G (t™):
My(t™) =Ha(t™) [R(t™ —DP(t™ — 1)t~ —1)@" (¢t~ — 1)
+0( = DQuE = DI = D] Hz (7)) + Qu, (7). (19 Gy7) = [0t~ — DRt~ — 1t~ — )Tt~ — 1)

_ _ _ _ —1/,—
Here, the derivation of formula (13) and (15) is complete. 0t = DQu(t™ — I (1 - 1)] THy ()M (7). (24
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Next, in view of that Ms(t7), Pe(t™ — 1|t~ — 1), Q. (t~ — 1) are
all variance matrices, i.e., they are all symmetrical matrices, we can
substitute formulas (21)—24) into (20)

Pt |t7) =E [<x(t—) Rt — 1))
. <x(t_) Xt — 1))1

(I =My (1) Gy (1))
=[0t —1)P(t” —1ft” —1)®"(t —1)
+T(t - D).t~ — DIt —1)]

AL =HI ()M () Ha(t)
e —1)P(t =1t — DRt —1)
+T(t = D).t = DIt~ —1)]}. (25

Now, the derivation of formula (14) is complete. And the result occurs
as a recursion relation.

In the case of ¢ =2 and 7 =t~, formulas (12)—-(15) have been
derived. Also, in the case of € = 1 and 7 = ¢, formulas (12)—(15) can
be derived in a similar way.

Therefore, the derivation of theorem 1 is complete. |

C. MMSE State Estimator

At any given time ¢, t = A\; + 1, A\; 4+ 2, ... according to remark 2
and assumption 3, we obtain two re-organization measurements
Vo (t7) and Y, (¢). Consider the system (1)~(3). The optimal state
estimation Z(t|t, t) is given via lemma 1

E(t|t,t) = Xy (t]t)

where X; (t]t) is calculated recursively via theorem 1 based on the
current measurement Yy (t) and Xy (& — 1|t — 1), Xy (t — 1|t — 1) is
calculated by the following steps:
* Step I: Calculate X>(t ™[t ™) via theorem 1 based on the current
measurement V(™) and Xop(t— — 1t~ —1).
* Step 2: Calculate X (t~ + alt™ + «) via formulas (12) and
13),a=1,2,.... 0 — 1:

2+l +1)=F [zel(t—u—),yl(t— n 1)]

Xi(t— 1t — 1):f[iq(t—+xl — 2t A — 2), Vi (t — 1)]

where t—1=t"+ (A —1), Xy (¢ [t ) =X (t[t7). D1 (t” +a)
is the past measurement, and F[X (¢ [t7), Vi (¢~ + 1)] means
X (¢t~ |t7) and Y1 (¢t~ + 1) are used to calculate the result.

In step 2, measurements with larger errors, i.e., YV (-), are used
A1 — 1 times to calculate the intermediate estimations similar to some
previous estimators. This reduces the estimation accuracy of the final
result. As shown in assumption 4, measurements with lower time-delay
usually have larger errors than the ones with higher delay; otherwise,
there is little reason to use a measurement system with higher time-
delay. To improve the estimation accuracy, we design a new iterator
by decreasing the usage rate of measurements with larger errors, i.e.,
modifying the equalities in step 2.

Va € [1, A1 — 1], consider the following equality:

M t~+alt™+ )
=E{[Hi(t" +a)z(t” +
=Hi(t” +)E [z(t” +

+EVi(t™ +a)|Pa(t

JHVI(E +a)] Vo (t™); Vit +a)}
+ a)|Da(t ) Vit + o))
Vit +a)].

«
«

Because V(™ + ) is uncorrelated with Y (tx)lt, —o

Vit)lp=i-,...,
Hi(t™ +o)E [zt + )| V2(t” ) Vit + )]
+EW(tT + )Pt ); Nt + o)
=M ()X (T + ot +a)+E [vl (t’+a)|i(t’+a)} .

.....

+— +a_1- the above equality can be rewritten as

EV1(t~ + a)| V1 (t~ + a)] is the conditional mathematical expecta-
tion, it is a constant \ialue in ideal conditions. Therefore, a new iterator
has been obtained. X; (¢~ + |t~ + «) can be calculated recursively
by this iterator, and thus the usage rate of the measurements with larger
errors is decreased

Xt +alt™ 4+ )

={I-[®(t +a—1)P(t +a—1t +a—1)®"(t" +a—1)

+0(t" +a-1)Qut™ +a—-1DIT(Et +a—1)]
HTE + )M +a)Ha (" +a)}

4{<I>(t_ foa-DX(E +a—1t +a—1)

—[®(t +a—1)Pi(t"+a—1t"+a—1)@" (t"+a—1)
+Tt +a—-1)Qut™ +a—-DIT{t +a—1)]

THY (T + Q)M+ a)Ha(t + @)

B+ a— )AL +a71|t_+a71)} (26)

where Py (t~ +a— 1|t~ +«a—1) and M; (¢t~ + «) can be calcu-
lated via formulas (14) and (15). Then we will obtain the MMSE state
estimation Xy (£ — 1|t — 1) during the iterations. Iterators in previous
methods use measurements with larger error in each loop iteration
because of the nonobservance of the negative correlation between
time-delay and measurement error. Compared with these iterators, we
estimate Xy (£~ + |t~ + «) without using any measurements with
larger errors, i.e., V1 (i), during the iterations. This contributes to
improving the final estimation accuracy of our estimator.

Thus at any given time ¢, t = XAy + 1, A\; + 2,--- according to
remark 2 and assumption 3, the state estimation result Z(t|¢,¢) of
system (1)—(3) calculated by our new MMSE estimator is given as the
following algorithm:

Algorithm 1 Procedure of MMSE state estimator

1: Sett = A1 + 1 as the initial time, p, as the initial state estimation,
and 2 as the initial mean square error matrix.

2: At the time ¢, obtain two current re-organization measurements
Ya(t™) and Y, (¢) via formula (5).

3: Calculate X, (¢~ |t~ ) via theorem 1 in the case of ¢ = 2, 7 = ¢,
based on X (t~ — 1|t~ — 1) and V5 (t7).

4: Set Xy (t|t7) = Xp(t~ |t~ ) and Py (¢~ [t7) = Py(t~|t7).

5: Estimate /'\?1(tk|tk)|tk:t— Lo recursively via iterator (26) until
tp, =t—1, where « =1,2,...,\; — 1. Meanwhile, calculate
Py (tg|tr)]s, ¢ - +o during the iterations via formula (14).

6: Calculate X; (t|t) via theorem 1 in the case of ¢ = 1, 7 = ¢, based
on Xy (t — 1|t — 1) and Y, (t).

7: Obtain Z(t|t, t) because & (t|t,t) =

8: Sett =1t + 1, and return to step 2.

Xy (t]t).

In contrast with the augmented state Kalman filter in [17], [18]
and the method in [19], our novel approach improves the estimation
iterators and reduces the usage rate of measurements with larger errors
to enhance the final estimation accuracy.
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complete estimation curves along X, Y, Z coordinate axes, respectively.

(b), (d), (f): partial estimation curves along three coordinate axes during the time [0, 10] sec (full size images are shown in supplementary material).

IV. NUMERICAL EXAMPLE AND ANALYSIS

In this section, a numerical example is given to simulate a motion of
the feed cabin of FAST, and the position of the feed cabin is estimated
by our novel method. In addition, to show the efficiency of our method,
it is compared with the traditional augmented state Kalman filter and
the method proposed in [19]. The original simulated positions of the
feed cabin of FAST with the estimated positions along X, Y and Z
coordinate axes are depicted in Fig. 1(a), (c) and (e), respectively. In
the rest of the section, we will show the application process of our
method.

Remark 3: For convenience, Estimator 1-3 represent our MMSE
estimation approach, the augmented state Kalman filter and the ap-
proach in [19], respectively.

At any given time ¢, the position of feed cabin can be expressed by

a(t — At) - At?
2
u(t — At) - At
e

p(t) =p(t — At) +o(t — At) - At +

where p(), v(), and a() are the position vector, velocity vector, and
acceleration vector respectively, u() is the Gaussian white noise vector
reflecting the result of random system disturbance combined with in-
stantaneous jerk, and At = t511 — t; = 220 ms based on the design

requirements of FAST. Then we transform the kinematical equation
into a state space representation, just as formula (1), by defining the
system state and the parameter matrices

z(ty)
= [z1(tr), x2(tk), T3 (te), va(tr), x5 (t), T6(te),

zr(th), w8 (tr), zo(te)]”
(1)
1 0 o At 0 0 22 ¢ 0]
o 1 0o o0 At 0 0 A 0
o 0o 1 0 0 At 0 (R
0 0 0 1 0 0 At 0 0
=lo 0 0o o0 1 0 0 At 0
0 0 0 0 0 1 0 0 At
O 0 0 0 0 0 1 0 0
0O 0 0 0 0 0 0 1 0
o o 0o 0 0 0 0 0 1]
T'(tx)
T
_| a3 At3 At3 At? At? At?
_[Tt i el el e SEA VA S
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TABLE I
RMSES OF STATE ESTIMATION &1 (t|¢, t)

Experiment Estimator 1~ Estimator 2 Estimator 3
Number (/mm) (/mm) (/mm)
1 2.72828951  3.07855629  3.07730187
2 293343563  3.21315002  3.21137965
3 2.85697174  3.14172254  3.13981763
Average Upgrade Ratio — 9.697% 9.649%
TABLE Il

RMSES OF STATE ESTIMATION Z2(t|¢, t)

Experiment Estimator 1  Estimator 2 Estimator 3
Number (/mm) (/mm) (/mm)
1 291113948  3.20477291  3.20455662
2 2.89740383  3.14167405  3.14155346
3 2.82950762  3.15698516  3.15667038
Average Upgrade Ratio — 9.106% 9.100%
TABLE IV

RMSES OF STATE ESTIMATION Z3(t|t, t)

Experiment Estimator 1 ~ Estimator 2 Estimator 3
Number (/mm) (/mm) (/mm)

1 2.88224021  3.16159472  3.15980223

2 2.79863518  3.13968695  3.13909065

3 2.89299165  3.20521602  3.20485288
Average Upgrade Ratio — 9.810% 9.784%

where 1 (t), x2(tr), x3(t;) denote the position coordinates, with
units of meters, x4 (¢x), x5(tx), e(ty) denote the velocities along
the three coordinate axes, with units of meters per second, z7(ty),
xs(tr), To(tr) denote the accelerations along the three coordinate
axes, with units of meters per second squared. According to Table I, we
set Ay = 220 ms, vo(tx) ~ N(0,0.022), and v (tx) ~ N(0,0.0032),
with units of meters. Finally, the parameter matrices of formulas (2)
and (3) are

1
Ho(ty)=Hi(ty)=[0 1 0 0 0 0 0 0 0
0

because only position information can be obtained by the measurement
equipment of FAST. This motion trajectory is composed of 1304
discrete points, i.e., kmax = 1304.

We completed a series of simulations with different system errors
u(ty). The estimation errors of Estimator 1 in these experiments are
all smaller than the other two. In this technical note, we set u(t) ~
(0,0.0322) as an example, with units of meters. The estimation curves
are depicted in Fig. 1. To obtain the average results, we repeat the
experiment 3 times. Detailed results of the numerical example are
recorded in Tables II-IV. The RMSEs of Estimator 1 are significantly
smaller than those of the other two. Finally, the average upgrade ratios
of the Estimator 1 along the three coordinate axes, in comparison with
the other two estimators, are listed in Tables II-IV.

V. CONCLUSION

In this technical note, a novel MMSE estimation approach was
proposed for linear discrete-time systems with time-delay and multi-
error measurements, such as the feed cabin suspension subsystem
of FAST. Compared with the augmented state Kalman filter and
the method in [19], the proposed approach improves the estimation
accuracy in the minimum mean square error sense.

Note that most systems are non-linear in realistic projects. Recog-
nizing this problem, our future study will focus on the MMSE state

estimation approach for nonlinear discrete-time systems with time-
delay and multi-error measurements.
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