. mathematics

Article

Parameter-Independent Event-Triggered Implicit UKF for the
Celestial Navigation Using Time Delay Measurement

Mingzhen Gui (¥, Caisheng Wei 10, Yifeng Wei !, Kai Xiong 2, Chengxi Zhang 3

check for
updates

Citation: Gui, M.; Wei, C.; Wei, Y.;
Xiong, K.; Zhang, C.; Dai, M.
Parameter-Independent Event-
Triggered Implicit UKF for the
Celestial Navigation Using Time
Delay Measurement. Mathematics
2023,11,1952. https://doi.org/
10.3390/math11081952

Academic Editors: Dimplekumar N.

Chalishajar and Snezhana Hristova

Received: 15 March 2023
Revised: 10 April 2023

Accepted: 18 April 2023
Published: 20 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mingzhe Dai 1

1 School of Automation, Central South University, Changsha 410083, China; guimingzhen@126.com (M.G.)
Science and Technology on Space Intelligent Control Laboratory, Beijing Institute of Control Engineering,
Beijing 100094, China; tobelove2001@vip.tom.com

School of Electronic and Information Engineering, Harbin Institute of Technology, Shenzhen 518055, China;
dongfangxy@163.com

*  Correspondence: mingzhe_dai@csu.edu.cn

Abstract: Celestial navigation using time delay measurement is an innovative autonomous navigation
method. To calculate the equivalent measurement, the numerical method needs to be applied, which
is time-consuming. The event-triggered mechanism intermittently and aperiodically processes
measurements by judging if the update error has changed drastically. However, its performance is
greatly affected by the constant threshold. To solve this problem, a parameter-independent event-
triggered implicit unscented Kalman filter (UKF) is proposed and applied to the celestial navigation
using time delay measurement. The innovation at the current moment and the updated estimate
covariance at the last moment are compared with the previous value instead of the constant threshold.
The event is automatically triggered when the accuracy of the state estimate is low. Simulation
results indicate that the proposed parameter-independent event-triggered implicit UKF can reduce
the running time by reducing unnecessary measurement updates, whose performance will not be
affected by any parameter or window size. In a word, the proposed method substitutes the dynamic
threshold for the constant threshold, ensuring that its performance will not be affected by any
parameter or window size.

Keywords: autonomous navigation; celestial navigation; deep space exploration; event-triggered
mechanism; implicit UKF

MSC: 93C57

1. Introduction

Deep space exploration is an important indicator of a country’s comprehensive
strength and technology level. For the success of a deep space exploration mission, accurate,
prompt, and dependable navigation information is essential [1,2]. With the increase in
the distance between the spacecraft and the earth, the delay caused by the long roundtrip
communication distance becomes an obstacle to the real-time navigation of the ground
tracking system [3]. The Sun transit could result in the outage of the spacecraft’s communi-
cation links. Furthermore, substantial spacecraft greatly increase the burden and cost of
supporting this system.

All these objections can be circumvented if the spacecraft has autonomous navigation
capabilities. Celestial navigation is a suitable autonomous navigation method for deep
space exploration [4,5]. Commonly used celestial navigation measurements include star
angle [6,7], pulsar time of arrival (TOA) [8,9], and Doppler velocity [10,11]. Solar oscillation
time delay is an innovative celestial navigation measurement [12,13]. The solar oscillation
results in dramatic changes in the intensity and the spectral central wavelength of sun-
light [14,15]. Two atomic resonance spectrometers pointing to the Sun and the reflecting
celestial body simultaneously detect the spectral central wavelength of sunlight and record
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the time. The spectral central wavelength of the directly received sunlight can be compared
with that of the sunlight reflected by the nearby celestial body to obtain the corresponding
time delay. The spacecraft’s position information with respect to the nearby celestial body
can be provided by the time delay measurement. The measurement model of the time delay
is an implicit function, and thus the implicit unscented Kalman filter (IUKF) is applied to
acquire the state estimate [16].

To calculate the equivalent measurement, numerical methods such as the dichotomy
method need to be applied to figure out the equation set, which is time-consuming. In
fact, real-time performance is as important as accuracy for the autonomous navigation
of deep space probes. The probe flies at a speed of tens of kilometers per second during
the planetary capture segment, and thus it needs to quickly react based on navigation
information. This requires the navigation information to be solved in a short time. Normally,
the real-time performance and accuracy of navigation cannot be optimal at the same time.
In addition to the above two aspects, factors such as hardware volume, weight, cost, power
consumption, etc. should also be considered. It is imperative to find a balance between
these factors. In other words, it is necessary to reduce the amount of computation while
maintaining high accuracy.

Some measurements can hardly provide valuable information and need not be trans-
mitted and processed. The event-triggered mechanism is intermittent aperiodic sampled
data, devoted to a desirable compromise between the real-time performance and accu-
racy of navigation [17-20]. It was first introduced into state estimation in Ref. [21] and
was shown to outperform periodic sampling at the same sampling rate. For nonlinear
systems, the event-triggered extended Kalman filter [22,23], the event-triggered unscented
Kalman filter [24], and the event-triggered cubature Kalman filter [25,26] were succes-
sively proposed. Ref. [27] proposed a distributed UKF algorithm based on consensus with
an event-triggering communication mechanism for multiple unmanned aerial vehicles.
Ref. [28] proposed a nonlinear stochastic event-triggered estimator based on UKEF for con-
trollable and uncontrollable systems. Ref. [29] designed an event-triggered orbit estimator
for a spacecraft with intermittent sensor measurements. To deal with the implicit mea-
surement model, an event-triggered IUKF is presented for celestial navigation using time
delay measurement [30]. However, the efficiency of the aforementioned event-triggered
mechanism is influenced by the constant threshold. If the threshold is not set properly, a
serious decrease in navigation accuracy or less computation load decrease will occur. This
forms the incentive for our work.

To sum up, this paper proposes a parameter-independent event-triggered implicit
UKF and implements it for celestial navigation using time delay measurement. Compared
with the existing works, the main contributions have the following two aspects:

(1) The dynamic threshold related to previous moments is substituted for the constant
threshold. By comparing the innovation at the current moment and the updated
estimate covariance at the last moment with the previous value, the event is auto-
matically triggered when the accuracy of the state estimate is low. Different from the
traditional event-triggered mechanisms, the performance of the proposed mechanism
is not affected by any parameter.

(2) Considering that large measurement errors will lead to large innovation, we introduce
the updated estimate covariance at the previous time in the event-triggered condition.
The parameter-independent event-triggered mechanism considering both innovation
and updated estimate covariance can get higher navigation accuracy and less running
time than the parameter-independent event-triggered mechanism only considering
innovation, which will be verified by the simulation given below.

The rest of this paper is organized as follows: Section 2 shows the basic principle
of celestial navigation using time delay measurement. The parameter-dependent event-
triggered mechanism and the proposed parameter-independent event-triggered IUKF are
introduced in Section 3. Section 4 compares the simulation results of the proposed method
and other existing methods. The conclusions are given in Section 5.
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2. Celestial Navigation Using Time Delay Measurement

It has been known that solar oscillations occur frequently, which causes dramatic
changes in the solar spectral wavelength. This can be regarded as a feature in acquiring
the difference between the arrival time of direct sunlight and that of reflected sunlight.
The time delay of the reflected sunlight is related to the relative position of the spacecraft,
the reflecting celestial body, and the Sun. Therefore, it can be adopted as a navigation
measurement to provide the distance information of the spacecraft relative to the target
celestial body.

2.1. State Model

The state model of the navigation system is constructed based on the orbital dynamics
of the Mars probe. When the Mars probe is in the Mars approach stage, its motion can be
described as a perturbed three-body model with Mars as the central body. The state model
in the Mars-centered inertial coordinate system (J2000.0) can be written as follows:

r=uv
. , 1
{v:_ymrg_ﬂs{:ti+%?}+wv @

where jim and y; are the gravitational constants of Mars and the Sun, respectively; 7 and 7
are the position vectors of the spacecraft with respect to Mars and the Sun, respectively; r
and r¢s are the magnitude of r and rs, respectively; v is the velocity vector of the spacecraft
with respect to Mars; rsy, is the position vector of the Sun with respect to Mars; rgm, is the
magnitude of rsm; and wy, is the process noise that comes from miscellaneous perturbations.
Equation (1) can be shown as follows:

X(t) = f(X(8), 1) + W(b), )
where X = [r,0]" and W = [0,w,]".

2.2. Measurement Model

Mars is surrounded by an atmosphere, which changes the speed and path of sunlight.
Thus, Phobos is adopted as the reflective celestial body for the Mars probe. Two atomic res-
onance spectrometers are employed simultaneously to record the solar spectral wavelength.
One is aimed at the Sun to observe the direct sunlight, and the other is aimed at Phobos
to observe the reflected sunlight. By comparing the wavelength features of the sunlight
propagating along different paths, the time delay measurement can be acquired:

Z=[M] = [t —t1], ®3)

where f; is the feature’s moment of the reflected sunlight, and t; is the feature’s moment of
the direct sunlight.

The basic principle of celestial navigation using time delay measurement is given in
Figure 1. Solar photons eject at ty. Some of them transmit along path 1 and are captured by
the spectrometer at f;. Some other photons transmit along path 2 and reach the reflective
celestial body at t,. The position and velocity of Phobos related to the Sun are rps; and
vpsr, Tespectively. They are captured by the spectrometer at ;. The position vectors of the
Mars probe with respect to the Sun are r5; and r» when the time is ¢; and t,. The position
vectors of the Mars probe with respect to Mars are r; and r, when the time is f; and t;. The
velocity vectors of the Mars probe with respect to the Sun are vy and visp when the time is
t; and t;. The measurement model of time delay can be established based on the relative
position relationship [13]

= [[7psr | + |52 — 7psr || — [I7s1

At =1ty —t
C

, (4)
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where c is the speed of light and || - || represents the norm operator. Based on vector
relationships, Equation (4) can be written as follows:

Af — Hrpmr - rsmr” + ||72 — ¥sm2 — Fpmr + rsmr” — [lr1 — sm1| ®)
c

where rpmr and rsmr are the position vectors of Phobos and the Sun with respect to Mars at
t;, respectively; sy and rgmp are the position vectors of the Sun with respect to Mars at ¢4
and t,, respectively.

-
it
'

U

Spacecraft & 1,

Figure 1. Measurement model of solar oscillation time delay.

Because filtering is executed at t;, 11 and rpsr have to be represented by 7. This
process is given in Ref. [13]. The calculations of rs; and rps; are related to the measurement
At, and thus the measurement model is an implicit function. Equation (5) can be written
as follows:

o — Mrome = romel| + [Jr2 = rmo :fpmr  rmel| = Ml = el ©)
Equation (6) can also be shown as follows:
0 = h(X(t),Z(t) + V(t)), @)

where 0 is the equivalent measurement and V is the measurement error. The implicit
unscented Kalman filter (IUKF) [16] is employed to achieve the optimal estimate.

3. Parameter-Independent Event-Triggered Implicit Unscented Kalman Filter

The calculation process of the celestial navigation system using time delay measure-
ment is time-consuming: ¢, is obtained by solving the equation set with a numerical method;
the equivalent measurement noise covariance needs to be worked out through unscented
transformation (UT) [31]. Due to the limited computing resources on the Mars probe
and high real-time requirements for navigation, it makes sense to reduce the unnecessary
computational load.
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3.1. Traditional Parameter-Dependent Event-Trigger Method
3.1.1. Parameter-Dependent Event-Triggered Mechanism Based on Measurement

The event-triggered mechanism intends to achieve an advisable compromise between
the navigation real-time requirement and navigation accuracy. Commonly, the difference
between the last released sensor measurement and the instantaneous sensor measurement
is predefined as the update error. If the instantaneous sensor measurement is not much
different from the last released sensor measurement, the predicted state estimate and
the predicted estimate covariance are directly treated as output. IUKF is run only if the
instantaneous sensor measurement is significantly different from the last released sensor
measurement. The event-triggered condition is given as follows [24,27]:

1, (Z—zk)T- (Z—zk) > 5

o (z-2) (2-2) <s Y

Tk =

where Z denotes the last released time delay measurement and § € R™ is the constant
threshold that needs to be set appropriately. J can also be replaced with a function de-
pendent on the last released sensor measurements, and the corresponding event-triggered
condition can be set as follows [32,33]:

= 1, (Z—Zk>T' (Z—Zk) AR/ ©)

~ T /. T ~7
0, (z-zk) : (Z—zk) <oZ' .7
where ¢ € RT denotes the threshold parameter.

3.1.2. Parameter-Dependent Event-Triggered Mechanism Based on Innovation
~ T /-

In the above cases, an event is triggered once the update error (Z - Zk> . (Z - Zk)
exceeds the constant threshold 6 or the released measurement-dependent threshold ¢Z" - Z,
which essentially makes judgments based on changes in measurements. Another event-
triggered condition makes judgments based on the accuracy of the state estimate. The
innovation in the Kalman filter is the difference between the predicted measurement
calculated by the predicted state estimation and the actual measurement, which reflects
the information quantity of the measurement. Thus, the event-triggered condition can be
designed as follows [25,34,35]:

1, vl v > 6
= 7 Yk k

where vy = Z; — Zk‘ t—1 is the innovation in the Kalman filter. Zk‘ t—1 is the predicted
measurement obtained by predicted state estimate and measurement model. For the
implicit measurement model, the innovation can be written as follows:

v = h(Xk\kprk)/ (11)

where Xk‘ x—1 is the predicted state estimate. Then, the event-triggered condition for the
implicit measurement model can be written as follows [30]:

1, KT Xk|k,1,Zk -h Xk‘k,l,zk >0

< . , (12)
0, W' ( Xyk—1,2Zk ) - h(Xyk-1,Zx ) <9

Yk =
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3.2. Parameter-Independent Event-Trigger Method

It can be seen from the above section that the threshold is either related to é or o. The
setting of the parameter will affect the efficiency of the event-triggered mechanism. If the
parameter is too large, the measurement update runs too few times, resulting in a serious
decrease in navigation accuracy. When the parameter is set too small, the measurement
update runs too many times. The computational load increased significantly without any
significant improvement in navigation accuracy.

The parameter-independent event-triggered mechanism is expected to be set to au-
tomatically trigger an event when the accuracy of the state estimate is low. To get rid of
the influence of the parameter value, the dynamic threshold is substituted for the constant
threshold. The idea of a sliding window is applied. The innovation at the current moment
is compared with the maximum value of the innovations at the previous M moments. M
denotes the window size. When the innovation at the current moment exceeds the dynamic
threshold, the measurement update needs to be run. The event-triggered condition can be
set as follows:

T. T . .
"= 1, v v, > max{vkﬂ vk,,} / (13)
0, Otherwise

wherei =1,2,..., M.

It is worth noting that large measurement errors will also cause innovation to increase,
and the event should not be triggered at this time. Updated estimate covariance can reflect
the deviation of the state estimate. When the updated estimate covariance at the previous
time is small and the innovation at the next time is large, it can be considered that the
large innovation is caused by the large measurement noise. Thus, the updated estimate
covariance at the previous time can be introduced in the judgment to eliminate the influence
of large measurement errors. The parameter-independent event-triggered condition can be
set as follows:

e = 1, v} v > max{vg_i . Uk—i}&Pr,k—l > max{P,;_1-;} (14)
0, Otherwise ’

wherei = 1,2,..., M. P, ;_; denotes the position estimate error calculated from the updated
estimate covariance Pj_1:

P11 = \/Pk—l,ll + P10 + Pr_1,33 (15)

Pr_111, Pr_1,22 and P;_ 33 represent the first three elements on the main diagonal of
Py_1. When vy satisfies the condition in Equation (14) and P, x_; does not, it may be caused
by too large measurement errors, and the event is not triggered. When both conditions
in Equation (14) are met, it signifies that the large innovation is caused by the large state
estimate error, and an event is triggered.

3.3. Filtering Process of the Parameter-Independent Event-Triggered IUKF

Calculate Sigma Points

Xok-1 = X1, wo=1/(n+71)
Xij—1 = X1 + vV + T(VPia)ywi = 1/2(n+ 1)), (16)
Xitngk—1 = Xk—1 — V1 +T(V/Pr_1); Wiyn = 1/[2(n + 7)]

where T € R. n is the dimension of the state vector; x;x_1 is the 2n + 1 sigma points whose
mean and covariance are X;_; and Py_1, respectively; and (1/P;_1); is the ith row of the
matrix square root.

Time Update

Xikk—1 = f(Xik-1,k—1), (17)
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2n
X1 = Y WiXikk—1/ (18)
i=0
2n R N T
Py = ) w (Xi,k\k—l - Xk\k—l) (Xi,k\k—l - Xk\k—l) + Qk (19)
i=0

where x; 1 x_1 is the propagated sigma points; Py;_; is the predicted estimate covariance;
and Qy is the covariance of the process noise.

Measurement Update

The sigma points of the predicted measurement are calculated as follows:

Ziklk—1 = h(Xi,k\k—lfzk) (20)
The predicted measurement can be obtained as
2n

Zi—1 = Y, WiZi k-1 (21)
i=0

The predicted error covariance of the measurement and the cross-covariance of the
state and measurement are calculated as follows:

2n
X R T
Py = Z(;)wi <Zi,k|k71 - Zk\kfl) (Zi,k\kq - Zk|k71) + Sk (22)
=
2n T
Py = Z;,)wi (Xi,k\k—l - Xk|k71> (Zz‘,k|k71 - Zk\kﬂ) (23)
i=

where Sy is the covariance of the equivalent measurement noise, whose detailed computa-
tion process is given in Ref. [16].
The updated state estimate and the updated estimate covariance can be acquired

as follows: A
% Xik—1/ Y =0
Xk=13 5 , 24
¢ { Xifk—1 — KiZgj—1, me=1 | k<M (24)
Pyk1, Ye=0
Py = , 25
‘ { Py —KePog K, ne=1 [ k<M )

where Kj, = szfkpz_z}k is the Kalman gain.

Remark

The main improvement of the parameter-independent event-triggered IUKF is the
event-triggered condition. Its proof can refer to Ref. [30].

The process of the parameter-independent event-triggered IUKF is given in Figure 2
For the first M filtering cycles, X; and Py are figured out by the time update and the
measurement update. After M filtering cycles, P,y_; is compared with the maximum
value at the last M moments. If P, ;_; does not exceed the maximum value, the predicted
state estimate and predicted estimate covariance are regarded as the updated value and
input to the next filtering cycle. If P, ;_; exceeds the maximum value, v} is calculated from
Equation (11) and compared with the maximum value at the last M moments. If v} does not
exceed the maximum value, the predicted state estimate and predicted estimate covariance
are regarded as the updated value and input to the next filtering cycle. If vy exceeds the
maximum value, the measurement update is run, and the updated state estimate and
updated estimate covariance are input to the next filtering cycle.
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| Calculating position estimate
error Eq.(14)

Time update

State model Eq. (2)

Time update

State model Eq. (2)

cve > max{v,_;" -y,

Xew-1o Py i - = 1.‘2v““;‘\

Measurement update

| ,L:_/‘ F1l ‘ Measurement model Eq. (6) |

Measurement update

| Measurement model Eq. (6)

X, P, 1 ) S .
A & XL =XA\I.—I_KkZAV.—l
Yes ' N -K.P. K]

=P

-1

Figure 2. Parameter-independent event-triggered IUKF.

4. Simulation Results

In this section, the navigation performance of the proposed method is compared with
some existing methods through simulation to demonstrate its effectiveness and superiority.

4.1. Simulation Conditions

A desktop is employed in the simulation, whose processor is 3.50 GHz Intel Core
i7-9700K and RAM is 16 GB. The Systems Tool Kit (STK) astrogator is adopted to generate
the spacecraft’s trajectory data. Table 1 gives the initial orbital parameters.

Table 1. Initial orbital parameters.

Parameter Value
Launch date 20 July 2020
Arrival date 8 March 2021
C3 energy 18.2287 km? /s?
Right ascension of outgoing asymptote 6.80876°
Declination of outgoing asymptote 45.9439°

The orbit data of planets are set up based on JPL DE421 [36], and the orbit data of
Phobos are built based on SPICE ephemeris [37]. The standard deviation of the time delay
measurement error is set as 1 x 1077 s. Other filter parameters are given in Table 2.

Table 2. Filter Parameters.

Parameter Value

it 6Xo = [6x1,6x1,0x1,0%2,0%2,0%3]"
Initial stat 0 1,0X1,0X1,0X2,0X2,0X2
nitial state errors S 5 ko b = Ol /e

Y T
Initial estimation error covariance Py = dlag[pz 1, P1,P1, P2, P2, P22]
p1 =25km~, pp = (0.1 m/s)

& T
Covariance matrix of process noise Q= d1ag3[q1,2ql, 1,92, 92, 72} )
g1 =10"3m?,g, =107 (m/s)
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4.2. Results and Analysis
4.2.1. Results of the Celestial Navigation Using Time Delay

The navigation results of the celestial navigation using time delay measurement with
different sampling periods are given in Figure 3 and Table 3. The data given in Table IIl and
the following parts are the navigation results of the second half of the simulation. It can be
seen that the highest navigation accuracy is achieved when the filtering period is 1 min.
The highest navigation accuracy also results in the longest run time. The position error
and velocity error of the celestial navigation with a period of 10 min is similar to that of
the celestial navigation with a period of 1 min, while the running time is reduced by about
72%. When the filtering period exceeds 100 min, the navigation error increases significantly
and even diverges while the running speed is not significantly improved. It can be seen
from the results that the filtering period affects the navigation performance. Too short a
filtering period leads to excessive running time, while too long a filtering period leads to
poor navigation accuracy.

Position error[km]

T T 0.25
1 ! | min | min
H 1 - = 5min — = S5min
H 10 min 10 min
—==—=100 min 02 —=—=100 min| |
== == = 300 min == == = 300 min
T
'
! 1 l
[ i S
(| = 0i1s
E015F | 1
' g '
! \/‘! 5 1T
H g '
; ! 5 —
i /‘I z
Lo 2 o1t 4
o]
H >
_ |
i p
), 5, 0.05 F i
)
‘m‘%’,au— - -hw
b2 s a
-J

0
21.03.02

.
21.03.04
Time

(a)

; A
21.03.04 21.03.05

Time
(b)

Figure 3. Navigation results of the celestial navigation using time delay measurement with different

0 i
21.03.05 21.03.06 21.03.02 21.03.03 21.03.06

sampling periods. (a) Position error. (b) Velocity error.

Table 3. Navigation results with different sampling periods.

Sampling Period Mean Position Error = Mean Velocity Error Number of Measurement Running Time (s)
(min) (km) (m/s) Update Runs 8
1 1.09 0.02 5760 123
5 1.59 0.02 1152 62
10 1.73 0.02 576 35
100 3.99 0.03 57 26
300 8.01 0.03 19 25

4.2.2. Results of the Parameter-Dependent Event-Triggered Mechanism Based on
Measurement

Figure 4 and Table 4 show the navigation results of the parameter-dependent event-
triggered mechanism based on measurement. Although the highest navigation accuracy can
be obtained when ¢ = 1 x 1074, it is also the most time-consuming. When o =1 X 101,
the calculation takes the least time, but the navigation error diverges due to too few
measurement update runs. When ¢ =1 x 1072 or ¢ = 1 x 1073, the running speed is
improved while maintaining high navigation accuracy. Thus, the parameter ¢ has a great
influence on the effect of the event-triggered mechanism. It is difficult and crucial to choose
an accurate parameter in practice.
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— 1107

= = "o=1x107
25 [ [reenees o=1x10?
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......... o=1x102 |

R 0.2 )
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0
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L 0 L L L
21.03.04 21.03.05 21.03.06 21.03.02 21.03.03 21.03.04 21.03.05 21.03.06

Time Time
(a) (b)

Figure 4. Navigation results of the parameter-dependent event-triggered mechanism based on
measurement. (a) Position error. (b) Velocity error.

Table 4. Navigation results with different .

- Mean Position Error =~ Mean Velocity Error Number of Measurement Running Time (s)
(km) (m/s) Update Runs
c=1x10"* 1.13 0.02 4326 103
c=1x10"3 1.38 0.02 949 42
c=1x10"2 1.86 0.03 110 28
c=1x10"1 19.59 0.08 15 24
4.2.3. Results of the Parameter-Dependent Event-Triggered Mechanism Based on
Innovation
The navigation results of the parameter-dependent event-triggered mechanism based
on innovation with different § are compared in Figure 5. Table 5 gives the detailed nav-
igation results and running time. Its navigation results are similar to those of the event-
triggered mechanism based on measurement. The parameter § has a great impact on the
effect of the event-triggered mechanism. When § = 1 x 107, many unnecessary measure-
ment updates are run in the filtering process and the running time is too long. On the
contrary, the measurement updates are run too few times and the navigation error is too
large when 6 =1 X 107°. When § = 5 x 1077, the running time is reduced while maintain-
ing high navigation accuracy. It is worth noting that the mean position error of the celestial
navigation with a period of 100 min is about 1.7 times larger than that of the event-triggered
mechanism when § = 8 x 10~7. This indicates that higher navigation accuracy can be
achieved by the event-triggered mechanism when the number of measurement update
runs is the same.
Table 5. Navigation results with different J.
5 Mean Position Error  Mean Velocity Error Number of Measurement Running Time (s)
(km) (m/s) Update Runs
5=1x10"7 1.09 0.02 4812 117
6=3x10"7 1.10 0.02 2854 80
d=5x%x10"7 1.23 0.02 1010 50
s=8x10"7 2.37 0.04 59 33
6=1x10"° 6.38 0.04 22 31
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Figure 5. Navigation results of the parameter-dependent event-triggered mechanism based on
innovation. (a) Position error. (b) Velocity error.

4.2.4. Results of the Parameter-Independent Event-Triggered Mechanism Only
Considering Innovation

To verify the effect of introducing the updated estimate covariance in the event-triggered
condition, we first investigate the navigation performance of the parameter-independent
event-triggered mechanism only considering innovation (whose event-triggered condition
is Equation (13)). Its navigation results are given in Figure 6 and Table 6. From Figure 6
it can be seen that the position errors and velocity errors with different M are not much
different, which demonstrates that the navigation accuracy of the parameter-independent
event-triggered mechanism is also robust to the window size. Comparing Table 6 with
Tables 4 and 5, it can be seen that the navigation accuracy and running time can achieve a
desirable compromise no matter what M is taken. Different from the constant threshold
in the traditional event-triggered mechanisms, the dynamic threshold related to previous
moments is applied to automatically trigger an event when the innovation is large. When
M= 10, the mean position error of the parameter-independent event-triggered mechanism
is about 1.2 times larger than that of the celestial navigation with a period of 1 min, while
the running time is reduced by about 70%.

10

Position error[km]

0.3

0
21.03.02

L
21.03.03

: B
21.03.04 21.03.05 21.03.06

025 F

0.2

0.15

Velocity error[m/s]

0.1 |

0.05

M=3 M=3
- M= - = =M=5
......... M=10 seresnns M=10

——M=20 | |
M=30

0
21.03.02

L
21.03.03

21.03.04

(a) (b)

L
21.03.05 21.03.06

Figure 6. Navigation results of the parameter-independent event-triggered mechanism only consid-

ering innovation. (a) Position error. (b) Velocity error.
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Table 6. Navigation results of the parameter-independent event-triggered mechanism only consider-
ing innovation, with different M.

M Mean Position Error  Mean Velocity Error Number of Measurement Running Time (s)
(km) (m/s) Update Runs

3 1.09 0.02 1438 55

5 1.13 0.02 972 46

10 1.29 0.02 528 40

20 1.50 0.02 301 35

30 227 0.02 217 33

Position error[km]

4.2.5. Results of the Parameter-Independent Event-Triggered Mechanism

Then, we investigate the navigation performance of the parameter-independent event-
triggered mechanism considering both innovation and updated estimate covariance (whose
event-triggered condition is Equation (14)). The navigation results of the parameter-
independent event-triggered mechanism with different M are given in Figure 7 and Table 7.
Comparing Tables 6 and 7, it can be seen that the parameter-independent event-triggered
mechanism considering both innovation and updated estimate covariance can get higher
navigation accuracy and shorter running time than the parameter-independent event-
triggered mechanism only considering innovation when M is the same. The time delay
measurement error is random noise. When the updated estimate covariance at the previous
time is small and the innovation at the next time is large, it can be considered that the
large innovation is caused by the large measurement noise. The measurement update
will not be triggered in this case after introducing the updated estimate covariance in the
event-triggered condition. In other words, the measurement update is triggered only when
large innovation is caused by large state estimation errors. By eliminating the measurement
update trigger caused by large measurement noise, the running time is further reduced
while ensuring navigation accuracy. Comparing Tables 3 and 7, it can be seen that the
parameter-independent event-triggered mechanism has a longer running time than the
uniform periodic sampling mechanism at the same number of measurement update runs.
The reason is that determining whether the event-triggered conditions are met takes a
certain amount of running time.
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Figure 7. Navigation results of the parameter-independent event-triggered mechanism. (a) Position
error. (b) Velocity error.
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Table 7. Navigation results of the parameter-independent event-triggered mechanism with different M.

M Mean Position Error =~ Mean Velocity Error Number of Measurement Running Time (s)
(km) (m/s) Update Runs 8

3 0.88 0.02 1024 50

5 1.11 0.02 632 42

10 1.19 0.03 342 37

20 1.24 0.03 183 35

30 2.21 0.02 148 29

5. Conclusions

This paper proposes a parameter-independent event-triggered implicit UKF for ce-
lestial navigation using time delay measurement. Parameter-independent event-triggered
implicit UKF automatically triggers an event when the accuracy of the state estimate is low.
To get rid of the influence of the parameter value, the innovation at the current moment
and the updated estimate covariance at the last moment are compared with the previous
value. Simulation results indicate that parameter value has a great effect on the navigation
performance of the traditional parameter-dependent event-triggered mechanism, which
is difficult and crucial to choose in practice. The proposed parameter-independent event-
triggered implicit UKF can reduce the running time while maintaining high navigation
accuracy. Meanwhile, its performance will not be affected by any parameter value or
window size. It is notable that the following aspects deserve future study: (1) The proposed
parameter-independent event-triggered mechanism is based on the system model of the
celestial navigation using time delay measurement in this paper. Extending the proposed
method to the general class of nonlinear systems with order n or strict-feedback systems re-
quires future research. (2) A stability analysis of the parameter-independent event-triggered
implicit UKF needs to be performed in the future. (3) It is worthy of follow-up research to
verify the effectiveness of the proposed method through more scenarios.
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