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Abstract: The MEMS gyroscope zero drifts dominantly affects measurement accuracy of gyroscope. For the
nonlinear problem that MEMS gyro zero drift varying with the temperature changes, the wavelet transform was
performed to filter the static experiment zero drift data, then the zero drift was investigate by combing with the
improved grey prediction theory. Finally a temperature compensation model based on wavelet transform and the
improved grey prediction was obtained. Comparing with conventional compensation model algorithm, our
model has smaller root mean square error and mean absolute error, the drift of root mean square error and mean
absolute error of the MEMS gyroscope were reduced to 0.0250 and 0.0180 respectively. The temperature
compensation system has good potential of theoretical and engineering application to improve the gyro accuracy
of measurement. Copyright © 2014 IFSA Publishing, S. L.
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1. Introduction
MEMS inertial sensors have a series of
advantages of small size, light weight, low power
consumption, large mass production, low cost, high
reliability, which no traditional inertial sensor can
rival, they are widely used in aviation, aerospace,
marine, meteorology, geology, automotive, industrial
monitoring control, robotics and consumer
electronics products, and other fields [1-3]. With the
development and demand of modern science and
technology, the measure precision for MEMS
gyroscopes is higher and higher. However, the
temperature, vibration, space constraints and other
factors will affect the output accuracy of the sensor,
the influence of temperature characteristic of MEMS
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gyroscope is bigger, it mainly reflects that the drift
have a great shift with temperature changes [4-5].
Therefore,
we
need
establish
temperature
compensation model that zero drift of MEMS inertial
sensor vary with temperature changes to improve the
measurement accuracy of MEMS gyroscope.
Temperature compensation is an important research
direction of the inertial sensor; effective temperature
compensation methods can expand the scope of
application of the sensor, and improve the overall
quality of inertial sensors and promote the
development of inertial sensors [6].
There are mainly two methods to reduce the zero
drift caused by temperature changes [7]:
1) Temperature stabilization method: the MEMS
gyroscope is placed in a controlled temperature
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performance of Gyroscope. The size structure of the
Gyroscope header, the elastic modulus of the
material, the resonant frequency and the performance
of the electronic device in detecting circuit are
affected by temperature changes. In addition, the zero
output and the scale factor of the MEMS Gyroscope
are also dominantly influenced [10-11]. Since the
material of the Gyroscope and the performances of
the electronic device in the peripheral circuit of
Gyroscope are more sensitive to the temperature
change, the output precision of the Gyroscope is
seriously restricted by the environment temperature.
We can establish the more precise mathematical
model for Gyroscope, but it is difficult to use a
mathematical model to describe the temperature drift
of all gyroscopes but can only build the approximate
model due to the discreteness of the core of sensitive
element itself and a certain degree of the randomness.
When working temperature change, the zero drift
data of Gyroscope change obviously as shown
in Fig. 1.
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chamber, which can keep the surrounding
temperature of MEMS gyroscope constant and
provide the controlled conditions for the gyroscope to
decreases the drift resulting from temperature change.
2) The other method based on a math drift model
of the MEMS gyroscope: obtain the curve
relationship between the output of the MEMS
gyroscope and temperature and make compensations
through software compensation algorithm. As for the
first method, the sensing components of the gyro are
enclosed in a vacuum, so basic modes of heat
exchange could only rely on the thermal radiation
and the heat transfer through the sustaining pole
between the resonator and the outside cover, causing
the temperature of sensing components to change
slowly. As a result, it takes a long time to make the
gyro sensing components' temperature approach the
pre-set temperature of the controlled temperature
chamber before it could work, so it could not meet
the needs of rapid response. In addition, the
temperature control system will greatly increase the
volume, weight and cost. In space applications, one
point noteworthy is that volume and weight are two
decisive factors, so big volume and weight are
regarded as fatal limitations. Compared with the first
method, the second one does not need increase the
volume, weight and cost and can adjust algorithm
simply，its compensation precision is very high, and
it can modify the algorithm flexibly.
Software compensation algorithm will become
the development trend and mainstream of sensor
temperature compensation [8-9], such as fuzzy
control, neural network, wavelet transform and least
squares method, Kalman filtering, grey prediction,
etc. Due to the large amount of calculation and
tedious of the least-square method, which is easy to
form a morbid equation or singular equations; while
when we use improved grey prediction model to
establish the compensation model, it has advantages
of small sample sizes, simple calculation and
convenient for inspection, its superiority is prominent
especial in the short-term prediction. So we chose the
combination of wavelet transform and the improved
grey prediction compensation model. The wavelet
transform was performed to filter the single-axis
static experiment zero drift data, then the zero drift
was investigate by combing with the improved grey
prediction theory to get trend which MEMS
gyroscope zero drift vary with the temperature
changes. Finally, comparing with the other
compensation model, the result showed that the
compensation model is effective.
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Fig. 1. Zero drift of Gyroscope vary
with temperature changes.

3. The Principles of Wavelet Transform
and Grey Forecasting Theory
3.1. The Principle of Wavelet Transforms
If f (t ) is a square integrable function, namely,
the wavelet transform of continuous function is
defined as [12]:
+∞

WTf (a,b) = (1/ a) f (t)ψ((t − b) / a)dt,(a,b∈R, a > 0) ,
−∞

(1)

∗

2. Temperature Characteristic of MEMS
Gyroscope

where formula ψ a ,b (t ) = (1 / a )ψ ((t − b) / a) is so
called the scaling and translation scale, which is
∗
generated by the mother wavelet ψ（t
）, where a is

The temperature characteristics of Gyroscope
include the zero drift and the scale factor which are
influenced by the temperature changes, the change of
temperature will bring about the degradation of the

the scale factor, b is the time-varying factor. If a ,
b is taken into integer discrete form, the
corresponding wavelet transformation is expressed as
discrete wavelet transform.
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The model of one-dimensional signal which
contain noise is expressed as:

s(k ) = f (k ) + δ e(k ), (k = 0,1, ⋅⋅⋅, n-1) ,

(2)

where f (k ) is the useful signal, e(k ) is the noise
signal. The e(k ) is often expressed as a high
frequency signal, but f (k ) are often expressed as
low frequency signals or some more stable signals in
the engineering practice. Noise e(k ) is generally
assumed to be a stationary white Gaussian noise, the
average power of the wavelet coefficients is inversely
proportional to scale. The purpose of the wavelet
transform is to suppress noise signal e(k ) and
recover useful signal f (k ) .
The procedure of wavelet decomposition and
reconstruction method of de-noising:
The wavelet transform was used to de-noise
signal, the signals which were filtered by wavelet
transform presented different rules under different
resolutions. The purpose of reducing noise could be
achieved by setting different threshold values under
different resolution and adjusting the wavelet
coefficients. So we can reduce noise according to the
following procedures:
a) Use wavelet decomposition to dispose the sign.
Select the best mother wavelet and make sure the
decomposition
of
steps,
then
decompose
and calculate.
b) The
threshold
quantification
of
the
decomposing high frequency coefficient. Choose a
threshold and perform threshold quantization on the
high frequency coefficients at all levels.
c) A one-dimensional wavelet reconstruction.
Perform a one-dimensional wavelet reconstruction
according to the low frequency coefficient of bottom
and high frequency coefficient of each layer to
achieve the purpose of reducing noise and detecting
the useful signal.

3.2. Grey Prediction Theory
Grey prediction model provides a method to
forecast a system in which there are uncertain factors.
Grey prediction identified development trend of
dissimilarity degree between the system factors,
namely, correlation analysis, and the raw data are
generated and processed to find the rule of the system
change and get data sequences of strong regularity,
and then establish the corresponding differential
equation model to predict the future development
trend of things. When establishing the grey prediction
model, it has advantages of small sample sizes, high
prediction precision, simple calculation and
convenient for inspection, and its superiority is
prominent especial in the short-term prediction.
GM (1, 1) is the most commonly used model of Grey
prediction, the raw data were accumulated and
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generated to get the stronger and regular sequence,
and then obtained the predictive value by exponential
curve fitting [13].
The X（0） is a raw data sequence, as shown in
Formula (3):

X ( 0 ) = {x ( 0 ) (1), x ( 0 ) (2),⋅ ⋅ ⋅, x ( 0 ) (n)} ,
x（0）(k ) ≥ 0，k = 1,2,  n;

(3)

X (1)

is the

X (1) = {x (1) (1), x (1) (2),⋅ ⋅ ⋅, x (1) ( n)} ,

(4)

where

（0）

1-AGO sequence for X

:

k

(1)
(0)
where x (k ) =  x (i); k = 1,2,⋅ ⋅ ⋅, n ;
i =1

The corresponding
defined as:

differential

equation

dX (1) / dt + aX (1) = b ,
where

a

is

(5)

and b are parameters to be identified.

aˆ = ( a , b )T

parameters for
estimation of GM (1, 1) model:

the

least

aˆ = ( B T B ) −1 B T Yn ,

square

(6)

where

1 (1)

(1)
 − 2 ( x (1) + x (2))

1 (1)
(1)
B =  − 2 ( x (2) + x (3))



− 1 ( x (1) (n − 1) + x (1) (n))
 2


1

1


1


Yn = ( x ( 0) (2), x ( 0 ) (3),⋅ ⋅ ⋅, x ( 0 ) (n)) T

(7)

The
solution
of
a
differential
equation
(1)
dX
+ aX (1) = b, also called time responding
dt
function is:

b
b
x (1) (t ) = ( x (1) (1) − )e − a ( t −1) +
a
a

(8)

Basing on a discretization of Formula (8) to get
the corresponding prediction model:

b
b
xˆ (1) (k + 1) = ( x (1) (1) − )e ( − ak ) +
a
a

(9)

The prediction model of the original data was
obtained by Formula (9):

xˆ ( 0) (k + 1) = xˆ (1) (k + 1) − xˆ (1) (k )

(10)
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3.3. Improved of the Model
In order to improve the precision of the algorithm,
we need to improve the grey prediction model. The
predictive value has error, if it is used as the
predicted value of the raw data, the next predicted
value will be caused by the error, which continually
accumulate. Therefore, we use residuals of each
prediction to build residual prediction model, then
modify the original prediction model to get the
improved grey prediction model.
The predictive value sequence is:

Xˆ (1) = {x (1) (1), x (1) (2),⋅ ⋅ ⋅, x (1) (n)}

then take average over them to obtain the zero drift of
corresponding temperature.
d) Zero drift value of corresponding temperature
was performed by the improved grey prediction
model to get the variation trend that zero drift varying
with temperature changes.
e) Analyze the compensation effect by comparing
the compensation of graph with raw zero drift data
of graph.

(11)

Residual error is:

ε (k ) = x (1) (k ) − xˆ (1) (k )

(12)

Residual error sequence is:

ε = {ε (1)，ε (2)，
，ε (n)}

(13)

By establishing function relationship of residuals
and predictive data sequence to modify
Formula (9) to get the revised model:

ε

Fig. 2. The flow chart of the compensation.

b
b
xˆ(1) (k + 1) = (x(1) (1) − )e(−ak) + ± ε（x）
a
a
（k = 1，
2，
，n）

(14)

4. Algorithm Design
of Temperature Compensation
4.1. Compensation Procedures
and Flow Chart
The temperature compensate range of Zero drift is
from -10 oC to 50 oC for INEMO integrated device.
The compensation model applied wavelet transform
and the improved grey prediction model to make
compensation to the output data of the static
measurement of MEMS gyroscopes, and strengthen
the self-adaptability to environment temperature of
gyroscopes. The scheme of compensation is shown
in Fig. 2.
The specific steps of compensation model are
as follows:
a) Put the INEMO integrated device into
temperature control chamber, respectively record
25 groups’ raw output data of gyroscopes in range of
-10 oC to 50 oC after the ambient temperature of the
INEMO device was maintained constant.
b) Convert the gyroscopes’ single-axial output
data by dividing the scale factor which is
4.13 mV/(°/s) to get the raw zero drift data.
c) Use wavelet transform to filter the 25 groups of
the raw zero drift data to get the zero drift data and

4.2. The Principle of Wavelet Transform
in MATLAB
The MATLAB toolbox provides a onedimensional wavelet decomposition function
wavedec (), its form of calling is expressed as:
[C, L] = wavedec (x, n, ’wname’),
where x is the original signal, n is the decomposition
steps, wname is the name of the selected mother
wavelet, and vector C and vector L were obtained by
decomposing. The approximation and detail
coefficients that were returned by function are stored
in C, the corresponding length of approximation
coefficients and each order detail coefficients are
stored in L. The stored form of wavelet
decomposition in MATLAB is shown in Fig. 3.

Fig. 3. Stored form of Wavelet decomposition
in MATLAB.
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According to the vector C and vector L which
were decomposed, the approximate coefficient cA
and detail coefficients cD were extracted by function
appcoef () and detcoef () respectively, then the
original signal were reconstructed by the
approximation coefficients and detail coefficients, so
it can filter the part noise information. Information
reconstruction is implemented by function wrcoef ()
in MATLAB, its form of calling is:
cAn = appcoef (C, L, fun, n);
cDi = detcoef (C, L, I);
x = wrcoef (type, C, L, fun, n);
The ‘type’ select ‘a’ and ‘d’ to determine that the
filter use approximate wavelet coefficients or detail
wavelet coefficients to reconstruct the original signal.

communications interface, a variety of power supply
mode and smaller dimensions (4x4 cm); meanwhile,
it is very convenience for developers to develop by
providing a graphical monitoring interface and
firmware library.

5. Experimental Verification of the
Compensation Model
5.1. Experiment Apparatus
1) Temperature-controlled cabinet.
Static test experiment of MEMS gyroscope use
KHL-SDJ6025F high and low temperature test
chamber which is produced by Chongqing Galaxy
Testing Instruments Company, the chamber can
provide temperature within the range of -60 oC to
90 oC, and its constant temperature fluctuation rate is
less than 0.1 oC, as shown in Fig. 4.

Fig. 5. INEMO integrated devices.

5.2. The Static Measurement Data Collection
Use MEMS gyroscope to take temperature
experiments by above the steps. In order to ensure the
measuring accuracy of the rule that the MEMS
gyroscope zero drift varying with the temperature
changes, we collect three thousand data for every test
temperature. At a fixed temperature, MEMS
gyroscope zero drift of conversion formula is defined
as [14]:

B0 = F / K ,
where B0 is the zero drift, K is the scale factor,

F is the gyro output value for the temperature.
5.3. The Application of Wavelet Transform
in Filtering

Fig. 4. The KHL-SDJ6025F high and low temperature
test chamber.

2) Gyroscope.
Gyroscope chose iNEMO V2 (STEVALMKI062V2) integrated device which is the ST
Company’s the second version Inertial module as the
test subject, as shown in Fig. 5. The new generation
of 10 degrees of freedom of motion platform is
composed of 3-axis linear accelerometer, three-axis
angular rate sensor, 3-axis magnetic motion sensor, a
pressure sensor and a temperature sensor. Its
application is very flexible because of complete
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In the static experiment, after the ambient
temperature of the INEMO device was maintained
constant, we respectively recorded 25 groups
experimental data within the range of -10 oC to 50 oC,
then used wavelet transform to filter raw zero drift
data respectively, comparison diagrams of before
filtering and filtered were shown in Fig. 6 and Fig. 7.
The 25 groups of raw zero drift that were affected by
the noise had a lot of burr, which was shown in
Fig. 6, after filtered by wavelet transform, the
25 groups of signal became smooth, as shown in
Fig. 7. The standard deviation of zero drift becomes
0.2488 from 1.3102 by the wavelet transform, so the
result shows that filtering effect is obvious.
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Fig. 6. Diagram of the raw zero drift.

Fig. 7. Diagram after filtering.

5.4. Zero Drifts Output
We took average to different temperatures of zero
drift that were filtered by wavelet transform to obtain
the data as shown in Table 1.
From Table 1 it can be seen that overall trend of
zero drift become lower with the increase of
temperature. At low temperatures, gyroscope zero
drift value is relatively large; zero drift values will

decrease with the increase of temperature, and it will
get to the minimal value in some temperature range;
then zero drift slightly increase and then decrease
again with the continuously increase of temperature.
The reason for emerging some minimal value is that
resonant frequency of the closed loop circuit is
affected by temperature, it result that gyroscope zero
drift firstly increase and then decrease again within
the scope of the high temperature.

Table 1. Zero drifts data at different temperatures.
Temperature
(oC)
-10

Zero drift
(°/s)
4.3839

Temperature
(oC)
13

Zero drift
(°/s)
4.2074

Temperature
(oC)
35

Zero drift
(°/s)
4.0645

-7

4.3385

15

4.1455

38

4.0228

-5

4.3299

18

4.0979

40

4.0872

-2

4.3432

20

4.1039

43

4.0612

0

4.3422

23

4.0913

45

4.0708

3

4.3063

25

4.0717

48

4.0811

5

4.2786

28

4.0666

50

4.0430

8

4.1863

30

4.1113

10

4.2251

33

4.1327

25
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The reason for emerging some minimal value is that
resonant frequency of the closed loop circuit is
affected by temperature, it result that gyroscope zero
drift firstly increase and then decrease again within
the scope of the high temperature.

5.5. Comparison and Validation
of Compensation Model
In the temperature range of -10 oC to 50 oC,
combining with wavelet transform, we compare
compensation model of improved grey prediction
with compensation model of grey prediction and
least squares method to get the Fig. 8 and Table 2.
4.4
The actual measured value
Grey prediction
Least square method
The improved grey prediction

4.35
4.3

zero drift(°/s)

4.25
4.2
4.15
4.1
4.05

6. Conclusions
MEMS gyroscope zero drift dominantly affects
the measurement accuracy of the gyroscope, on the
basis of MEMS gyro static measurements of a large
number of experiments, we combined with wavelet
transform and improved gray prediction model to
make compensation for MEMS gyro zero drift. The
paper designed the compensation algorithm of
MEMS gyroscope temperature compensation model
by MATLAB, and conducted an assessment of its
compensation effect. Combining with wavelet
transform, we compared the compensation model of
improved gray prediction model with compensation
mode of least squares method and gray prediction,
the result is that root mean square error and the mean
absolute error were 0.0250 and 0.0180 respectively,
which verified the feasibility and effectiveness of the
compensation algorithm. Meanwhile, compensation
scheme also have some weaknesses: limited
temperature range of collection; the scaling factor
affected by temperature is not took into account.
Through the research on the temperature
compensation algorithm of zero drift in MEMS gyro,
the temperature compensation system has good
potential of theoretical and engineering application to
improve the gyroscope accuracy of measurement.
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Fig. 8. Methods compensation effect.

Table 2. Comparison of several compensation methods.
RMSE

MAE

Grey prediction

0.0445

0.0306

Least square method

0.0384

0.0264

Improved grey
prediction

0.0250

0.0180

As it can be seen from Fig. 7 and Table 2, the
result of compensation model of improved grey
prediction is more close to the actual measured
values by comparing to the compensation effect of
grey prediction and least squares method. The root
mean square error (RMSE) and mean absolute error
(MAE) of improved grey prediction model were
0.0250 and 0.0180 respectively, while the RMSE and
MAE of grey prediction compensation model were
0.0445 and 0.384 respectively and the RMSE and
MAE of least squares method compensation model
were 0.0306 and 0.0264 respectively, the RMSE and
MAE of the improved grey prediction compensation
model are smaller. Compared with the conventional
compensation model algorithm, the effect of
improved grey prediction compensation model is
more obvious.
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