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Three dimensional time-delay maneuvering target tracking
in slow velocity

BAO Hong, DUAN Bao-yan, CHEN Guang-da
(School of Mechatronics Engineering, Xidian University, Xi’an Shaanxi 710071, China)

Abstract: The kinematical state model of the target is a key problem in the maneuvering target tracking. Based on
the acceleration equation, we proposed for the target a kinematical time-delay state model in low velocity. An H-infinity
recursive filter is applied to track the target. In the application of the 50m-model of a large radio telescope , the experimental
results show that the algorithm remarkably improves the tracking performance of the Leica obviously when the speed of
the cabin is constant.
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1 ÚÚÚóóó(Introduction)
�X�>U©!��Ï&9ÊU�Æ��uÐ,

¥I�Æ[[ïE�»�500 m#����>"�
º(LT,ã1)[1],Ù¥"
�m$Ä°Ý�¦4 mm, 
^ÿþæ^åkúi)��-1�Õ¤,�8cT
¤ìÄ�ÿþ°ÝØ÷vLT����¦,Ïd,|^
^�EâJ,M��ÿþ°Ý,´��>"�ºó
§¥I�)û�Eâ¯K.

ã 1 LT500 m�.«¿ã
Fig. 1 Diagram of the LT500 m model

LT¥"
ò ^�ÿþáu�mÅÄ8Iÿþ
¯K.�é�mÅÄ8I�ÿþ, SingerJÑ
"þ
�!�m�'�ÅÄ\�Ý�.[2]. õc5,T�.
����ÅÄ8IG��Oì�Ä:��;�´,T
�.=é!���½!\�ÅÄ8I�ÿþkX�

Ð��J,
éuÙ¦ÅÄ$Ä�8I�J¿Øw
Í.éõÆö3dÄ:þ�â¤ïÄ�é�JÑ

�AU?�{[3∼6], ©z[3]�éð�Ý�ÅÄ8I,
JÑ
=|^ÿþ��l�{;©z[4]�Ñ
íå
��®��»�ÄåÆ�.,¿3dÄ:þé»�
?1;,�l;©z[5]KJÑ
34�Ieé�Å
�l�{;©z[6, 7]XÚ�ã
ÅÄ8IêÆï�
��{,¿�Ñ
NõkÃ�(Ø.,
,o(ù

¤J,)öuy¦�ïÄ¯KÌ�8¥3ü��¡:
�´XÛïá�°(�êÆ�.: �´XÛ�Ñ�
ÎÜ¢S�¹�ÚO5Æ.Ïd,�©ó�Ì�´�
éLT$ÄA:,�Ñk��êÆ�.Ú6Ä�ÚO
5Æ,^±Jp���ÿþ°Ý.
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2 ÿÿÿþþþ:::$$$ÄÄÄÆÆÆïïï���(Kinematical model of
measurement-point )
�"
�l,��>
$Ä�,"
¥%:Pn

Ø$Ä;,�L«�[8]



x = 0.533ρ(sinϕ cos δ cos H − cosϕ sin δ),

y = 0.533ρ cos δ sin H,

z = R1 − 0.533ρ[cosϕ cos δ cos H + sinϕ sin δ].

(1)

ª¥: ϕ´/n�Ý; δ´»��; H´��,�Ñ/¥
g=; ρ´��¡­Ç�»; R1´�����». é
ª(1)¦�,��¥%:P$Ä�Ý,



ẋp = −0.533ρḢ sinϕ cos δ sin H,

ẏp = 0.533ρḢ cos δ cos H,

żp = 0.533ρḢ cosϕ cos δ sin H.

(2)

ª¥ρ, δ9Ḣ(Ḣ = 15◦/h)þ�~ê, ùL²¥%:P
±ð�Ç$Ä.du"
òI�±�½�^�$1,
Ïd,Ié"
ò.¡3�:?1ÿþ(þÙ�±þ).

ïáÿþ:�ÄåÆ�§I�ïáXeA��

IX(�ã2): X1 − Y1 − Z1 ��:3P���/�I
²1��IX; X0 − Y0 − Z0��:3P,Z¶dP:�
��l�>
�UmÃ5K�IX("
òÛÜ�
IX).

ã 2 LT�IX«¿ã
Fig. 2 Reference frame diagram of LT

�Z0¶9Ù3X1 − Y1¡þ�ÝK�Z1¶ÚX1 ¶

�Y�©O�θ, φ,Kÿþ: ��þ�

ri = rp + RBi(i = 1, 2, 3). (3)

ª¥: ri = (xi, yi, zi)TL«1i�ÿþ:; rp�"
ò

¥%:; Bi �ÿþ:3"
òÛÜ�IX��I,
�~þ; R��I=z
,L�ª�

R =



cφcθ −sθ cθsφ
cφsθ cθ sφsθ
−sφ 0 cφ


. (4)

sθ = sin θ, cφ = cos φ,K§�kXe'X:

sin φ =
b
l
, cos φ =

a
l
, sin θ =

Z
L
, cos θ =

l
L
. (5)

ùp: L�PO2ã��Ý, ´~þ; O2�"
òº:

��I; a = xO2 − xP, b = yO2 − yP,Z = zO2 − zP, l =√
a2 + b2.
ª(3)é�m¦��Ú�����1i�ÿþ:�

ÝÚ\�Ý(dª(2)�� r̈P = 0):

ṙi = ṙP + ω × RBi, (6)

r̈i = ε × RBi + ω × (ω × RBi). (7)

Ù¥ωÚε©O�"
ò���ÝÚ�\�Ý,�©
OL«�[9]

ω = [−θ̇sθ φ̇cθ θ̇], (8)

ε = [−θ̈sθ − θ̇2cθ φ̈cθ − φ̇θ̇sθ θ̈]. (9)

du�U
éÿþ:� �þ?1ÿþ, Ïdθ, φ
��´®��, �θ̇, θ̈, φ̇, φ̈(���´Ø���, ¿
�Á�¥uyLeicazgæ^ªÇ¿�����. n
Üþ¡Ï�,�©^θ Úφ�C�3���©O�O
Ñθ̇, θ̈, φ̇, φ̈��,Ù��L�ª�

va(k) =
3ra(k) + ra(k − 2) − 4ra(k − 1)

T (k) + T (k − 1)
, (10)

aa(k) =

2
(ra(k−1)−ra(k−2))t1+(ra(k−2)−ra(k))t2+(ra(k)−ra(k−1))t3

(t1 − t2)(t2 − t3)(t3 − t1)
.

(11)

ª¥

t1 = T (k) − T (k − 3),

t2 = T (k − 1) − T (k − 3),

t3 = T (k − 2) − T (k − 3),

òθ, φ, rp©OO�ª(10)(11)¥�ra ���§���

�Ú���ê;?
,���cÿþ:\�Ý��O
�.�Ä�"
ò$Ä´3]¢VÚe�¤�,
]
¢äk¢�5, ±9�3��Z6(Xº)é"
ò
\�Ý�6Ä,1i�ÿþ:�\�Ý�.�L«�

ai(t) = −βvi(t) + āi(t) + ãi(t),
˙̃ai(t) = −αai(t) + w(t).

(12)

ùp: ãi(t)�kÚ\�ÝD(; w(t)´xD(; α �
�'�m~ê��ê,äN¹Â�©z[2, 6]; β��
¢Xê, vL«�Ý; āi(t) ´�c�\�Ýþ�, d
ª(7)��. nÜª(3)(7)(12),ÿþ:X���G��
§�

ṙix = Arix(t) + D1āix + D2w(t). (13)
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ª¥

rix = (xi, ẋi, ẍi)T,

A =



0 1 0

0 β 1

0 0 α


, D1 =



0

1

0


, D2 =



0

0

1


,

w(t)���6Ä. Singer[2] �Ñ
���¹e�.�

ÚOA5, �TÚOA5´òÅÄ8I��«�

U5�Ü�±�Ä,ù�z�äNÅÄ�ª3ÚO

¥Ñy�VÇ'��, 
¢S¥, ÿþ:�,��

�\�ÝA´±ª(6)��¥%�©Ù,8IÅÄ\

�Ý������± �. �éù«�¹, æ^©

z[9]0���{,���w�ÚOA5,

E{w(t)} = 0, E{w(t)wT(t)} = σ2
m.

σ2
m =

4 − π
2

(µadx − āix),

µ´�½�~ê, adx��c��X��nØ5y\�

Ý.òY,Z ���êâ©O�\ª(13)=��Y,Z �

��G��§, �
{Ñå�, Ø2zg�Ñe�

IX . |^G�Cþ{±9�Ä�ák���ÿþ

Ø�,�òª(13)­#��

rk = Φrk|k−1 + Γ1B + Γ2wk, (14)

Yk = Crk + vk. (15)

Ù¥

Φ
def
== eAT ,

Γ1
def
==
w T

0
eAT D1dτ, Γ2

def
==
w T

0
eATD2dτ,

Y�ÑÑ �þ, vk���ÿþD(, ¿�ÑlxD

(©Ù,=E{v(t)} = 0,E{v(t)vT (t)} = σ2
v ,E{w(t) v(t)} =

0, σv =
emax − e−max

6
, emax �Ä�ÿþØ�þ�.

éuª(14)(15)L«�XÚ, ��~^��{´

æ^KalmanÈÅEâ, ,
éuØ°(��.,

KalmanÈÅìØ=U
E¤°Ýþ���, $�

k�U��°Ýþ�uÑ. duª(13)�´Cq�

., Ïd, �Jpÿþ°ÝÚ��ì�°�5±9

ó§A^Ñu, æ^äk���^�4íH∞ ÈÅ

ì[10],

r̂k = Φr̂k|k−1 + Γ1B + Kk[Yk − C(Φr̂k|k−1 + Γ1B)],

Kk = ΦP̂k|k−1C(CP̂k|k−1CT + σv)−1,

P̂k|k−1 = ΦP̂k−1Φ
T + Γ2σmΓ

T
2 ,

P̂k = ΦP̂k|k−1Σ
−1
k ΦT + Γ2σmΓ

T
2 ,

Σk = I + (CTσ−1
v C − γ−2I)P̂k|k−1.

ª¥γ�H∞�Ïf.

3 LT50 m ���...¢¢¢���(Experiment of LT50 m
model)
ò�©¤J�{A^uLT50 m¿	�.¥. ¢

�©þ!©Ù3�»�50 m��±þ,b�|/S

Á�
�»50 m�¥��¡, �>
 u¥%, -

"
ò±2 cm/sm�$1�m­�( �»�7 m�

Y²�l), 3"
òþþ!©Ù3�cº, ©O

^3�Leica(TCA1800)écº?1¢��l, ò3�

cº×£;,��I�P¹e5,Xã3¤«:

ã 3 LT50 m¿	Á��.9uÿ��
Fig. 3 Framework and measurement device of

the LT 50 m experimental prototype

^�©��{éù1êâ?1?n, V¹e5

?n��êâ. éùü|êâ?1'�, lü��

¡�y�©¤J�{�k�5. Äk, '�ü|ê

âmX,Y,Z 3���þ� �­�, �u�Ì, =�

Ñ1Òcº �­�Czã(Xã4¤«). ã¥: DL

« £.
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ã 4 LeicaÿþêâÚÈÅ�êâ �êâé'ã
Fig. 4 Comparison data of the Leica measurement and the filter method

du�©�ÈÅ�{´�6u¤JÑ�ÿþ

:êÆ�.�,XJT�.Ú¢S��'��,ò
��ÈÅ�êâ�°Ýü$$�uÑ,
Leica�
�´p°�ÿþ¤ì, §�ÿþêâU
�Nc
º� �,Ïd,é'ùü|êâ �þ�l��
�¡�y�©ÿþ:êÆ�.�k�5. lã4�
±wÑÈÅ�cº �þÚLeicaÿþêâ¬Ü´
éÐ�,'�ü|êâuy�� �þ��É35
mm±S,ù`²ïá�$ÄÆ�§´ÎÜ¢S�.
Ùg,'�ü|êâmüücºm�ålCz

þ. duÿþ¤ì���3Ø�, Ïd, |^P¹
e5ÿþêâ¦��üücº�m�ål´Cz

�,ò§�~�cº�m¢S�ål(®��½�
�),���TCA1800Ú�©�{?n�üücº
m�ålCzþVD(�ã4).

ã5¥11ü´��lTCA1800�ÿþêâ�
�ålCzþ�, 12ü´²L�©�{?n�
���ålCzþ, lã¥�±wÑ, ¤ìÿþ
cº�m�ål3±1 mm�mCz. A^�©�
�{�,Ø�l±1 mmü$�±0.5 mm(ã512ü),
ducº�m�ålAT´�½��, ���
©��{òTCA1800�ÿþ°ÝJ,
��,
ùl,���¡`²�©�{�k�5. ¢
�¥ëê��kXeµα, β©O�N8IÅÄ

�¯�Ú�¢�§Ý. ¢��α = 1.3, β = 30;
duTCA1800^rÃþ��Ñ
·�ÿþØ�
1 mm+2 ppm,�"
ò$1�Ç�ú,�LT50 m�
.¥cº�TCA1800��ål�40 m, Ïd, n
Ü�Ä�Ä�ÿþØ�emax = 2 mm, ³�Ï
fγ = 0.01, P(0) = 105I.

(a) 1Ú2Òcº (b) 1Ú3Òcº (c) 2Ú3Òcº

ã 5 üücº�målCzé'ã

Fig. 5 Comparative various of length among lens each other
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4 (((ØØØ(Conclusion)
1)�©�éLT"
ò�$ÄA:,JÑ
äk

¢�A5ÿþ:ÄåÆ�.�l�{. lþ¡¢
�(J¥�±wÑ, T�{k�/Jp
¤ì�
ÿþ°Ý, ù`²�©éÿþ:¤ï�êÆ�.
´ÎÜ¢S�¹�.

2) �Ä�ó§A^Ú�{°�5, ÈÅìæ
^H∞ 4íúª|¤, ;�¦)Riccati�§, Ïd
s¤O��, ùék¢�5�¦�ó§A^c�
­�.

3)3yk��^�e,ÏL^�ÃãJp��
�æ�ªÇ´e�Ú?1�ó�.
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