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To solve the problems of data loss and unequal interval of momentum wheel (MW) speed during a satellite stable operation, this
paper presents a multidimensional AR model. A Lagrange interpolation method is used to convert measurements to equal interval
data, and the FFT algorithm is adopted to calculate the period of MW speed variation. The long data sequence is converted into
multidimensional time series, based on the equal interval data and the period. A multidimensional AR model is established, and
the least square method is used to estimate the model parameters. The future data trend is predicted by the proposed model.
Simulation results show that the prediction algorithm can achieve the across cycle prediction of the MW speed data.

1. Introduction

The momentum wheel (MW) is the key actuator of the Satel-
lite Attitude Control System (SACS), which includes bearing
assembly, motor, casing, and wheels. In the long running of
the three-axis stabilized GEO satellite, the MW speed data
has a periodical change characteristic. Through long-term
monitoring for MW speed of a three-axis stabilized GEO sat-
ellite, [1] found that its variation can be sorted into the short-
period terms (in days) and the long-period terms (in years),
and the periodic variation of the MV is also analyzed. The
equation of the MW speed is obtained by analyzing the oper-
ation principle of the bias MW, and the graphic of MW speed
change is described in [2]. In [3], the authors considered that
the reliability information of MW can be provided by collect-
ing degradation data when there exists certain performance
characteristics that degrade over time; they develop a reli-
ability modeling and life estimation approach for MW used
in satellites based on the expectation maximization (EM)
algorithm from a Wiener degradation model. GmbH has
installed 588 MWs in 235 satellites, which is required
fault-free operation more than 2200 years [4].

Under the complex working environment, such as water
mist, salt spray, corrosion, and aging resulting from fuels
containing sodium, sulfur, vanadium, etc. which are burned,
the dynamic characteristics of speed sensors are severely

influenced, which causes the problems that the data detected
is inaccurate or could not be detected in a certain time that
means false detection or data loss [5]. Furthermore, the data
detected may be equal interval incompletely because of the
unstable precision of a sensor. As we know, the rotational
speed is an important state parameter of the momentum
wheel. Once the speed sensors occur to faults, it will cause a
wrong operation of control system and even lead to acci-
dents. The Telstar satellite of America was lost early on 21
February 1963 because of the abnormal data of a sensor
caused by cosmic rays. This was the first spacecraft loss due
to radiation effects [6].

The remainder of this paper is organized as follows. In
Section 2, we briefly analyze the change characteristic of the
MW speed data, using Lagrange interpolation and Fast Fou-
rier Transform Algorithm (FFT) to determine the period of
MW speed data. Section 3 establishes the multidimensional
model to predict the MW speed data and verifies the validity
of the model. Finally, the paper concludes with some brief,
summary remarks for the present work.

2. Obtainment of the Variation Period of the
Momentum Wheel Date

2.1. Analysis of the Momentum Wheel Speed Data. The
momentum wheel speed data from a simulation test of
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communication satellite is time series data. Assuming that
the observed MW speed is yðtiÞ at time ti, written as yi, the
change curve of MW speed is shown in Figure 1. Because of
accidental factors such as cosmic ray and accidental contact
failure of circuit, the sensor data is abnormal [7]; for example,
the observed data is incompletely equal interval distribution
and the partially observed data loss. Meanwhile, it can be
seen that the MW speed is approximately periodic and its
amplitude grows linearly. In order to predict MW speed,
the Lagrange interpolation method [8] is used to calculate
the MW speed, so that the unequal interval data is converted
into equal interval data.

2.2. Preprocessing of Equal Interval Interpolation ofMomentum
Wheel Speed Data. The time series data of the observed MW
speed is Y = ½ðt1, y1Þ, ðt2, y2Þ,⋯, ðtN , yNÞ�T , where N is the
total number of data. However, Y is the unequal interval time
series data, and the forecast model based on equal interval
time series data. So Y has to convert into equal interval time
series data by the interpolation method.

Firstly, set the interpolation interval p. To interpolate the
data segment from ðt1, y1Þ to ðtm+1, ym+1Þ in Y , the Lagrange
interpolation formula [9] can be given by

Lm tð Þ = 〠
m+1

k=1

Ym+1

i=0
i≠0

t − ti
tk − ti

yk, ð1Þ

where t is the interpolation time; t1, t2,⋯, tm+1 are the obser-
vation time which satisfy t1 < t2<⋯<tm+1.

According to formula (1), it yields

t′1 = t1, ð2Þ

t′m+1 = int tm+1 − t1ð Þ ∗ p−1
� �

∗ p + t1, ð3Þ

where t1′ and tm+1′ are the beginning time and the ending time
after interpolation, respectively; the value of int ððtm+1 − t1Þ∗
p−1Þ is an integer multiple relationship between the difference
of time ðtm+1 − t1Þ and the interpolation interval p. So the
time range after interpolation is ½t1′ , tm+1′ �.

Similarly, set the same interpolation interval to interpo-
late the second segment data from ðtm+1, ym+1Þ to ðt2m+1,
y2m+1Þ in Y . The time range of the original data is ðtm+1,
t2m+1Þ.

From formula (1), we can obtain

t′m+2 = t′m+1 + p, ð4Þ

t′2m+1 = int t2m+1 − t′m+2

� �
∗ p−1

� �
∗ p + t′m+2, ð5Þ

where tm+2′ ðtm+2′ > tm+1Þ and t2m+1′ ðt2m+1′ > t2m+1Þ are the
beginning time and the ending time after interpolation,
respectively.

According to (2), (3), (4) and (5), we can obtain

t′i+1 = t′i + p, ð6Þ

t′m+i = int tm+i − t′i+1
� �

∗ p−1
� �

∗ p + t′i+1: ð7Þ

Based on the above analysis, the algorithm above is
described as follows:

Step 1. When i = 1, the observed data is y = ½ðt1, y1Þ, ðt2, y2Þ,
⋯, ðtm, ymÞ, ðtm+1, ym+1Þ�. The beginning time of interpola-
tion data and the observed data are the same.

Step 2. The interpolation time data based on formulas (2) and
(3), and it is equal.

Step 3. Lagrange Interpolation method is used to interpolate
the MW speed data by formula (1).

Step 4. When i > 1, the observed data is y = ½ðti, yiÞ, ðti+1,
yi+1Þ,⋯, ðti−1+m, yi−1+mÞ, ðti+m, yi+mÞ�.

Step 5. The interpolation time data based on formulas (6) and
(7), and it is also equal.

Step 6. The Lagrange interpolation method is also used to
interpolate the MW speed data by formula (1).

Step 7. If i ≠N −m, back to Step 4. Finally, the equal interval

data is expressed by Y ′ = ½ðt1′ , y1′Þ, ðt2′ , y2′Þ,⋯, ðtN1′ , yN1′ Þ�T .

The flow chart of the equal interval interpolation method
is shown in Figure 2.

2.3. Determination of the Period of the Momentum Wheel
Speed Data. The equal interval data can be calculated by
the Lagrange interpolation method, and it is approximately
periodic. In order to determine the period of the MW speed
data, the Fast Fourier Transformation (FFT) method is
adopted to calculate the frequency of the equal interval data

Y ′ = ½ðt1′ , y1′Þ, ðt2′ , y2′Þ,⋯, ðtN′ , yN′ Þ�
T
. If the calculated fre-

quency is a constant, it shows that the MW speed data has
the characteristic of approximate periodicity.

Setting the time interva1 p = 0:1 s, then the sampling fre-
quency is f s = 1/p = 10Hz. The FFT method [10] is used to
analyze the frequency of the MW speed data. The frequency
diagram of MW data is shown in Figure 3.

According to the analysis of data and Figure 3, the ampli-
tude of the 35th data is maximum, so the frequency of MW
speed data f = 0:0416Hz and the period of the MW speed
T = f −1 = 24:02 s ≈ 24 s.

3. Modeling and Prediction of Momentum
Wheel Data

3.1. Determination of the Order of the MW Speed Data.
The ARMA model is established for the equal interval data
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Y ′ = ½ðt1′ , y1′Þ, ðt2′ , y2′Þ,⋯, ðtN′ , yN′ Þ�
T
, and the order of the

model is determined by general AIC (Akaike Information
Criterion) and BIC (Bayes Information Criterion). The
loss functions of AIC and BIC [11] are shown as follows:

EAIC = ln δ2 + 2
i + j
n

,

EBIC = ln δ2 +
2n

n − i − 1
i + j
n

� �
,

ð8Þ

where σ2 is the variance of error between the model and
the observed data, i and j are the order of the AR and MA

model, respectively, and n is the length of data sequence for
modeling and satisfies n = 5∗ i + j + 1.

The loss value of AIC and BIC criterion under the
length n of the data sequence is shown in Figure 4. We
can see that the loss function values of AIC and BIC are rel-
atively smoother between n = 10 and n = 18, which means
the robustness of the ARMA model is better. When n = 16,
the loss values of AIC and BIC are minimum. Combining
n = 5∗ i + j + 1 with i > j, it can be calculated when i = 3
and j = 0, and the following study will be based on the third
order AR model.

3.2. AR Modeling of the Momentum Wheel Speed Data. In
order to extract the MW speed data conveniently, we convert
the equal interval data sequence Y ′ = ½ðt1′ , y1′Þ, ðt2′ , y2′Þ,⋯,
ðtN′ , yN′ Þ�T into Y″ = ½ð1, y1′Þ, ð2, y2′Þ,⋯, ðN , yN′ Þ�

T
, and the

period of Y″ is calculated as T ′ = T/p = 240. The curve
of MW speed data is similar with the sinusoidal function.
In order to reduce the calculation, the data of 0, quarter, a
half, and three quarter periods are selected as characteris-
tic points expressed by h1, h60, h120, and h180. We find that
each of them is basically linear in Figure 5. Therefore, an
AR model can be established for each element [12–14].

As discussed above, the loss function is minimized with a
third order AR model, the AR equation is shown as follows:

x kð Þ = a1x k − 1ð Þ + a2x k − 2ð Þ + a3x k − 3ð Þ + e kð Þ, ð9Þ

where a1, a2, and a3 are the AR model coefficients, feðkÞg is a
white Gaussian noise with zero mean and variance δe

2 = 0:09,
xðkÞðk = 0, 1, 2,⋯, int ðN1/T′Þ is hi = ½yi′, yi+T ′′ , y

i+2T ′
′ ,⋯,

y
i+k∗T ′
′ �, respectively.
Assume φTðkÞ = ½xðk − 1Þ, xðk − 2Þ, xðk − 3Þ� and θ =

½a1, a2, a3�T , the formula (9) can be written as a vector
form by

x kð Þ = φT kð Þθ + e kð Þ: ð10Þ

According to (10), we can obtain

e kð Þ = x kð Þ − φT kð Þθ: ð11Þ
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Figure 2: The flow chart of equal interval interpolation method.
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The least-square method is used to calculate the mini-
mum of RSS (residual sum of squares) for unknown
parameter vector θ. The performance function JðθÞ is

J θð Þ = 〠
t

i=1
e2 kð Þ = 〠

k

i=1
x ið Þ − φT ið Þθ� �2

: ð12Þ

The purpose of equation (12) is to obtain the estima-

tion value bθ , when the function JðθÞ is minimized.
Formula (10) is rewritten as a vector form

z kð Þ =H kð Þθ + v kð Þ, ð13Þ
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Figure 3: The frequency analysis of the momentum wheel speed.

0 5 10 15 20 25 30 35 40
–200
–100

0
100
200
300
400
500

The length n of the data sequence

AIC 
BIC 

Lo
ss

 v
al

ue

Figure 4: The loss value of AIC and BIC criterion under the length n of the data sequence.
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where

z kð Þ =

x 1ð Þ
x 2ð Þ
⋮

x kð Þ

2666664

3777775,

H kð Þ =

φT 1ð Þ
φT 2ð Þ
⋮

φT kð Þ

2666664

3777775,

v kð Þ =

e 1ð Þ
e 2ð Þ
⋮

e kð Þ

2666664

3777775:

ð14Þ

The least-square estimation of θ [15] at time k is

bθ kð Þ = HT kð ÞH kð Þ� 	−1
HT kð Þz kð Þ: ð15Þ

3.3. Verification of the MW Speed AR Model. The first 6000
data is selected as a training dataset, and others is as a test

data; the estimated value of model coefficient can be obtained
by equation (15).

bθ kð Þ = â1, â2, â3½ �T : ð16Þ

Based on formulas (10) and (15), the value of xðkÞ is
obtained which can be used to predict the value of xðk + 1Þ.
Therefore, the MW speed data in the next period can be
obtained by the AR model. The forecast model is shown
as follows:

x̂ k + 1ð Þ = φT k + 1ð Þbθ kð Þ + e k + 1ð Þ: ð17Þ

The predicted value and the measured value are shown
in Figure 6. It can be seen that the predicted data is in
accordance with the measured data. The error between
the measured value and the predicted value is shown in
Figure 7. The results show the effectiveness and feasibility
of the proposed algorithm.

The standard deviation of the residuals is used to verify
the accuracy of the forecast model, and it is expressed by

δ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑T ′

i=1 xi − x̂ið Þ2
T ′

s
, i = 1, 2,⋯, T ′, ð18Þ

where xi is the actual observed data, and x̂i is the predicted
data of the forecast model. The results are shown in Table 1.
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From Table 1, it can be seen that the standard deviation
of the residual is minimized when the order of the forecast
model is three. So the third order forecast model is more
accurate than others.

4. Conclusion

This paper presents the MW speed AR model based on the
variation law of MW speed of the three-axis stabilized GEO
satellite on the orbit. It can be used to estimate the future data
trends. The model will play an important role in the actual
control of satellite.

By analyzing the data variation of MW rotation rate,
the Lagrange interpolation method is proposed to solve
the problem of unequal interval and data loss. Analyzing
the data feature of the MW, the FFT algorithm is used to
calculate the period of the MW speed. Establish the multi-
dimensional AR model to verify the accuracy of the model.
The model order and prediction results can be obtained.

The accuracy of the model prediction is compared by var-
iances. The results show that the third order AR multidimen-
sional model has a higher performance.

Data Availability

The data of this study is available from the National Key
R&D Program Key Project (2016YFE0111900).

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work has been strongly supported by the National
Key R&D Program Key Project (2016YFE0111900) and
the Shaanxi Key R&D Program Key Project (2018ZDXM-
GY-168).

References

[1] B. Baogang, S. Qisheng, and S. Guangfu, “Application of MW
unloading in improving east-west station keeping of GEO
satellites,” Aerospace Control, vol. 26, no. 3, pp. 69–74, 2008.

[2] J. Zheng, L. Jianyong, and X. Wang, “Research on variation of
the MW rotation rate in three-axis stabilized GEO satellites,”
Aerospace Control, vol. 23, no. 5, pp. 42–46, 2005.

[3] H. Li, D. Pan, and C. L. P. Chen, “Reliability modeling and life
estimation using an expectation maximization based wiener
degradation model for momentumwheels,” IEEE Transactions
on Cybernetics, vol. 45, no. 5, pp. 969–977, 2015.

[4] G. Jin, D. Matthews, Y. Fan, and Q. Liu, “Physics of failure-
based degradation modeling and lifetime prediction of the

momentum wheel in a dynamic covariate environment,” Engi-
neering Failure Analysis, vol. 28, pp. 222–240, 2013.

[5] R. Zhu, M. Dong, and C. Dandan, “A study on speed sensor
fault diagnosis of the gas turbine based on the RBF neural net-
work,” Electrical Automation, vol. 37, no. 2, pp. 27–29, 2015.

[6] R. Ecoffet, “Overview of in-orbit radiation induced spacecraft
anomalies,” IEEE Transactions on Nuclear Science, vol. 60,
no. 3, pp. 1791–1815, 2013.

[7] D. Binder, E. C. Smith, and A. B. Holman, “Satellite anomalies
from galactic cosmic rays,” IEEE Transactions on Nuclear Sci-
ence, vol. 22, no. 6, pp. 2675–2680, 1975.

[8] G. Mastroianni and I. Notarangelo, “Lagrange interpolation at
Pollaczek–Laguerre zeros on the real semiaxis,” Journal of
Approximation Theory, vol. 245, pp. 83–100, 2019.

[9] R. Jiwari, “Lagrange interpolation and modified cubic B-spline
differential quadrature methods for solving hyperbolic partial
differential equations with Dirichlet and Neumann boundary
conditions,” Computer Physics Communications, vol. 193,
pp. 55–65, 2015.

[10] L. Sujbert and G. Orosz, “FFT-based spectrum analysis in the
case of data loss,” IEEE Transactions on Instrumentation and
Measurement, vol. 65, no. 5, pp. 968–976, 2016.

[11] P. Stoica and Y. Selen, “Model-order selection: a review of
information criterion rules,” IEEE Signal Processing Magazine,
vol. 21, no. 4, pp. 36–47, 2004.

[12] F. Deng and C. Bao, “Speech enhancement based on ARmodel
parameters estimation,” Speech Communication, vol. 79,
pp. 30–46, 2016.

[13] T. Ghirmai, “Representing a cascade of complex Gaussian AR
models by a single Laplace AR model,” IEEE Signal Processing
Letters, vol. 22, no. 1, pp. 110–114, 2015.

[14] L. Chen, M. Loschonsky, and L. M. Reindl, “Autoregressive
modeling of mobile radio propagation channel in building
ruins,” IEEE Transactions on Microwave Theory and Tech-
niques, vol. 60, no. 5, pp. 1478–1489, 2012.

[15] M. L. Ammari, P. Fortier, and M. el Khaled, “Feasible general-
ized least squares estimation of channel and noise covariance
matrices for MIMO systems,” Canadian Journal of Electrical
and Computer Engineering, vol. 39, no. 1, pp. 42–50, 2016.

Table 1: The standard deviation of the residual between the measured data and the predicted data.

Order First order Second order Third order Fourth order

The standard deviation of the residual δ 0.4052 0.0599 0.0575 0.1214

6 International Journal of Aerospace Engineering


	Modeling and Prediction of Momentum Wheel Speed Data
	1. Introduction
	2. Obtainment of the Variation Period of the Momentum Wheel Date
	2.1. Analysis of the Momentum Wheel Speed Data
	2.2. Preprocessing of Equal Interval Interpolation of Momentum Wheel Speed Data
	2.3. Determination of the Period of the Momentum Wheel Speed Data

	3. Modeling and Prediction of Momentum Wheel Data
	3.1. Determination of the Order of the MW Speed Data
	3.2. AR Modeling of the Momentum Wheel Speed Data
	3.3. Verification of the MW Speed AR Model

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

