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With the improvement of the bias instability of Micro-Electromechanical Systems (MEMS)
gyroscopes, the g-sensitivity error is gradually becoming one of the more important factors that
affects the dynamic accuracy of a MEMS gyroscope. Hence there is a need for correcting the
g-sensitivity error. However, the traditional calibration of g-sensitivity error uses a centrifuge.
The calibration conditions are harsh, the process is complex and the cost is relatively high. In
this paper, a fast and simple method of g-sensitivity error calibration for MEMS gyroscopes is
proposed. With respect to the bias and random noise of a MEMS gyroscope, the g-sensitivity
error magnitude is relatively small and it is simultaneously coupled with the Earth’s rotation
rate. Therefore, in order to correct the g-sensitivity error, this work models the calibration for g-
sensitivity error coefficients, designs an (8+N)-position calibration scheme, and then proposes a
fitting method for g-sensitivity error coefficients based on the Newton iteration and least squares
methods. Multi-group calibration experiments designed on a MEMS Inertial Measurement Unit
(MEMS IMU) product demonstrate that the proposed method can calibrate g-sensitivity error
coefficients and correct the g-sensitivity error effectively and simply.
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1. INTRODUCTION. Due to the special processing technology and design principles
of a Micro-Electromechanical Systems (MEMS) gyroscope, the factors influencing the
precision of its angular rate output are different from those of the traditional laser and
fibre optic gyroscope (Lv et al., 2014a). In the angular rate output of a MEMS gyro-
scope, there is a measurement error produced by the acceleration named g-sensitivity error
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(Weinberg, 2011; Borenstein et al., 2009). In applications for consumer and business use,
the bias instability of a MEMS gyroscope is poor (Weinberg, 2011; Borenstein et al., 2009;
El-Rabbany and El-Diasty, 2004), generally up to hundreds of degrees per hour, and the
vast majority of applications are used in the low-dynamic environment with relatively small
acceleration (less than 2 g), thus the gyroscope output error caused by the g-sensitivity error
is smaller than other errors (such as the bias instability), so its influence on the navigation
system is often overlooked. Therefore, there are few references about research on the cali-
bration and compensation of g-sensitivity error in MEMS gyroscopes. In recent years, with
the continuous improvement of the performance of MEMS gyroscopes, the bias instability
of MEMS gyroscope output has been reduced (the bias instability of some products are a
few degrees per hour, or even below one degree per hour), and these high-precision MEMS
gyroscopes have reached the tactical standard (Perlmutter and Robin, 2012; Trusov, 2011;
Xing et al., 2016). However, although the bias instability indices in some high-precision
MEMS gyroscopes are very good, their g-sensitivity error coefficient indices differ by a
factor of several tens (Wu et al., 2013; Sensonor, 2015; MuRata, 2015). Therefore, past
methods of evaluating the gyroscope performance with bias instability in laser and optical
fibre gyroscopes are not accurate enough in the performance evaluation of MEMS gyro-
scopes (Lv et al., 2014b; Peng et al., 2014), especially in some high-dynamic application
environments.

Due to the existence of g-sensitivity error in MEMS gyroscopes, this index and the
vehicle acceleration will directly affect the actual performance of a high-precision MEMS
gyroscope. Therefore, the g-sensitivity error coefficient of a MEMS gyroscope is also one
of the important indicators affecting its actual performance. The angular rate output error
in these high-precision MEMS gyroscopes caused by g-sensitivity error cannot be easily
ignored, and needs calibration and compensation. In a previous study on MEMS gyroscope
performance enhancement techniques, Park et al. (2015) studied the mechanism of produc-
tion of g-sensitivity error, and improved the structure design of a MEMS gyroscope, so
as to obtain a smaller g-sensitivity error coefficient, thus reducing the g-sensitivity error,
but their method is not suitable for reducing the g-sensitivity error in a mature MEMS
gyroscope or MEMS Inertial Measurement Unit (IMU).

Research on reducing the g-sensitivity error in existing MEMS gyroscopes includes
building the g-sensitivity error model in the IMU (Yang et al., 2007). Based on the
g-sensitivity error model the g-sensitivity error coefficients are expanded to the integrated
filtering state and a high-dimension Kalman filter is built. Then the g-sensitivity error in
the MEMS gyroscope is stimulated through a special movement mode, to realise the online
estimation of g-sensitivity error coefficients and compensation of g-sensitivity error (Ban-
croft and Lachapelle, 2012; Fan et al., 2013; 2014). It has been verified in the literature that
such an online calibration method for finding g-sensitivity error coefficients can improve
the dynamic performance of a MEMS gyroscope, thus increasing the precision of integrated
navigation. When estimating such a small g-sensitivity error coefficient in a high-dimension
filter, the system complexity will be increased as the system needs to add another three or
nine dimensions. On the other hand, a specific movement incentive needs to be designed
to effectively stimulate the error; however it is difficult to guarantee that g-sensitivity error
coefficients can be accurately estimated each time. In addition to the research on online cal-
ibration methods of g-sensitivity error coefficients, there is also some documented research
on online calibration methods, there is also some research on a turntable experiment for
high-precision MEMS gyroscopes, which realises the offline calibration of g-sensitivity
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error coefficients, so as to improve the MEMS gyroscope’s measurement accuracy of rota-
tional angular velocity of the Earth through the compensation of g-sensitivity error (Iozan
et al., 2010). Although the turntable calibration scheme of g-sensitivity error coefficients is
given in Iozan et al. (2010), the specific calibration process and results are not discussed
and validated in detail.

The MEMS gyroscope is a mechanical gyroscope, and the traditional calibration
experiments of g-sensitivity error in mechanical gyroscopes are generally carried out on
a high-precision centrifuge (Wang, 2014). The calibration process is complex and the
calibration conditions are harsh.

Therefore, there are three difficulties in the offline calibration of g-sensitivity error of
a MEMS gyroscope. Firstly, the traditional calibration method of g-sensitivity error needs
high-cost and high-precision calibration equipment. Thus, in the relatively low cost MEMS
gyroscope application, the testing cost is relatively high and the calibration process is rel-
atively complicated. Secondly, triaxial Earth rotation rate components measured by the
MEMS gyroscope are difficult to obtain accurately, so they are difficult to separate from the
g-sensitivity error, thus affecting the calibration of g-sensitivity error coefficients. Finally,
the larger random noise and bias existing in MEMS gyroscopes (Cao et al., 2016), will also
affect the calibration of g-sensitivity error coefficients. Considering the three aspects of the
problem of the g-sensitivity error calibration in MEMS gyroscopes, we need to use low-
cost calibration equipment and simple calibration processes as far as possible. Also, we
need to investigate how to compensate the bias and random noise of the MEMS gyroscope,
and how to eliminate the influence of the Earth rotation rate components, to accurately
calibrate g-sensitivity error coefficients and improve the output precision of the MEMS
gyroscope.

Based on the above analysis, this paper proposes a new and fast offline calibration
method of g-sensitivity error coefficients for the existing high-precision MEMS gyroscope,
to improve the precision and actual performance of high-performance MEMS gyroscopes.
Through the analysis of a MEMS gyroscope output model containing the g-sensitivity error,
we build a calibration model of g-sensitivity error coefficients, which effectively eliminates
the influence of the Earth rotation rate components, and designs a special calibration exper-
iment scheme at (8 + N) positions. By smoothing the MEMS IMU data collected at each
position, the influence of random noise is eliminated. At the first eight symmetrical posi-
tions, the gyroscope bias is calibrated and thus can be compensated in the MEMS gyroscope
output. On the basis of the calibration model and processed MEMS IMU data, the Newton
iteration and least squares methods are adopted to fit g-sensitivity error coefficients. Finally,
this work also designs many groups of calibration experiments for g-sensitivity error coef-
ficients on the high-precision MEMS IMU system STIM300, to verify the effectiveness
of the proposed calibration method of g-sensitivity error coefficients, and the stability and
repeatability of the g-sensitivity error coefficients thus calibrated.

2. CALIBRATION METHODOLOGY. This section analyses the mechanism of
g-sensitivity error in MEMS gyroscopes and derives the calibration models of g-sensitivity
error coefficients based on the static error model of a MEMS gyroscope. Next, an
(8 + N)-position calibration experiment scheme is designed, to counteract the influence
of MEMS gyroscope bias and random noise on g-sensitivity error coefficients calibra-
tion. With respect to the non-linear characteristics of calibration model equations and the
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Figure 1. Silicon MEMS gyroscope internal simple structure.

multi-parameter calibration requirement, the Newton iteration method is used for lineariz-
ing non-linear equations of calibration models, and then the least squares method is used
for fitting g-sensitivity error coefficients.

2.1. Mechanism of g-sensitivity error and MEMS gyroscope error model analysis.
The working principles of MEMS gyroscopes are varied, but are mainly based on the
physical principle of the vibration object sensing the angular velocity, namely using the
vibration-induced mass blocks in MEMS gyroscopes to detect the Coriolis force and then
converting the force to an angular rate output via the corresponding sensing signal process-
ing unit. Silicon MEMS gyroscopes are the most common MEMS gyroscope products, and
a simplified internal structure is shown in Figure 1. Its kinetic model can be equivalently
simplified as an elastic damping system that drives mass blocks. Sensing mass blocks are
suspended on the base of an elastic structure as shown in Figure 2.

Assuming that the x-axis has a vibration velocity v and that the z-axis has an input
angular rate ω, a Coriolis acceleration is generated on the y-axis and then a Coriolis FCoriolis
force is generated on the mass. The Coriolis force expression is given in Equation (1).

FCoriolis = −2m(ω × v) (1)

Seen from Equation (1), the core working principle of a MEMS gyroscope is that
orthogonal vibration and rotation produce the Coriolis force, which is converted to cor-
responding capacitance or voltage changes, and then these corresponding capacitance or
voltage changes are converted to the desired angular rate information by means of a con-
trol and rebalancing circuit to realise the measurement of the input angular rate. However,
if the additional inertial force acted on mass blocks, the original Coriolis force FCoriolis
would be changed, which would cause an additional increase in the angular rate output and
thus produce the MEMS gyroscope measurement error. The acceleration which produces
the inertial external force is the ideal measurement output f b of the accelerometer (Groves,
2013) and thus the MEMS gyroscope measurement error is called g-sensitivity error due to
f b = −gb under static conditions. The g-sensitivity error of the MEMS gyroscope output
is given in Equation (2), where G =

[
Gxx Gxy Gxz Gyx Gyy Gyz Gzx Gzy Gzz

]
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Figure 2. Silicon MEMS gyroscope equivalently simplified kinetic model

are the g-sensitivity error coefficients.

Gb
ω =

⎡
⎢⎣

Gxx Gxy Gxz

Gyx Gyy Gyz

Gzx Gzy Gzz

⎤
⎥⎦ (2)

According to the influence of different error sources on the MEMS gyroscope, its angular
rate output error mainly includes bias εb, g-sensitivity error Gb

ω, scale factor error, instal-
lation error Ab and random noise ηb (Liu., 2004). The MEMS gyro error model �ωb

containing these errors is shown in Equation (3).

�ωb = εb + Gb
ω + Ab + ηb (3)

From Equation (3), to improve the output accuracy of a MEMS gyroscope, not only
εb and Ab (Aggarwal et al., 2008) should be calibrated, but also the g-sensitivity error
Gb

ω should be calibrated, especially for a few high-precision MEMS gyroscope products.
This is due to improvements of high-precision MEMS gyroscope design and manufac-
turing technology. Bias stability has gradually been improved and thus the proportion of
g-sensitivity error is more and more obvious in the angular rate measurement error.

2.2. Calibration models of g-sensitivity error coefficients. It can be seen from
Equation (3) that these errors are mutually coupled and scale factor error and installation
error Ab can be almost negligible under the static condition. Equation (4) shows a MEMS
gyroscope triaxial output model including g-sensitivity error under the static condition.
Since the research object is the high-precision MEMS gyroscope, its bias instability is a
few degrees or even below one degree per hour, thus its measurement output can obviously
reflect rotational angular velocity of the Earth under the static condition, compared with the
low-precision MEMS gyroscope. As a result, Equation (4) contains the triaxial component
of rotational angular velocity of the Earth on the sensor coordinate b expressed as ωb

iex,
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ωb
iey and ωb

iez, g-sensitivity error Gb
ω, gyroscope bias εb =

[
εb

x εb
y εb

z
]

and random noise
ηb =

[
ηb

x ηb
y ηb

z
]
. In Equation (4), f b =

[
f b
x f b

y f b
z
]

is the MEMS acceleration output
and ωb =

[
ωb

x ωb
y ωb

z
]

is the MEMS gyroscope output.⎧⎪⎪⎨
⎪⎪⎩

ωb
x = ωb

iex + Gxxf b
x + Gxyf b

y + Gxzf b
z + εb

x + ηb
x

ωb
y = ωb

iey + Gyxf b
x + Gyyf b

y + Gyzf b
z + εb

y + ηb
y

ωb
z = ωb

iez + Gzxf b
x + Gzyf b

y + Gzzf b
z + εb

z + ηb
z

(4)

By transforming Equation (4) and marking Gxxf b
x + Gxyf b

y + Gxzf b
z , Gyxf b

x + Gyyf b
y +

Gyzf b
z and Gzxf b

x + Gzyf b
y + Gzzf b

z simply as C1, C2 and C3, Equation (5) is derived as:⎧⎪⎪⎨
⎪⎪⎩

ωb
iex = ωb

x − C1 − εb
x − ηb

x

ωb
iey = ωb

y − C2 − εb
y − ηb

y

ωb
iez = ωb

z − C3 − εb
z − ηb

z

(5)

When both sides of the three equations are squared and then summed, the left
of the equation derived is (ωb

iex)2 + (ωb
iey )2 + (ωb

iez)
2 and then the square root of

the equation derived is calculated. Thus, the left of the latest equation derived is√
(ωb

iex)2 + (ωb
iey )2 + (ωb

iez)2, equalling the modular value of rotational angular velocity of
the Earth ωie. The latest equation derived is shown as Equation (6), where C1, C2, C3
contain nine g-sensitivity error coefficients.

ωie =

√(
ωb

x − C1 − εb
x − ηb

x

)2 +
(
ωb

y − C2 − εb
y − ηb

y

)2
+
(
ωb

z − C3 − εb
z − ηb

z

)2 (6)

If the MEMS gyroscope was started, more than nine output groups would be acquired,
which would and then constitute a set of nonlinear equations composed of more than nine
equations in the form of Equation (6). By solving the nonlinear equations, the nine coef-
ficients can be calculated. Meanwhile, the least squares method is used to solve the nine
coefficients from the overdetermined and linearized equations, the number of which is equal
to or greater than nine. Therefore, in Section 2.4, the theoretical derivation for fitting the
nine g-sensitivity error coefficients is given with the application of the Newton iteration
and least squares methods.

In Equation (6), the triaxial bias of a MEMS gyroscope εb =
[
εb

x εb
y εb

z
]

and random
noise ηb =

[
ηb

x ηb
y ηb

z
]

is unknown, so the bias and random noise should be compensated
from the output of the MEMS gyroscope, to offset their effects on calibrating g-sensitivity
error coefficients. Moreover, as seen from Equation (4), g-sensitivity error is related to
MEMS accelerometer output, thus if the raw output of the MEMS accelerometer is directly
used in the g-sensitivity error coefficients calibration process, its random noise would
also affect the calibrated values. Accordingly, MEMS accelerometer random noise should
also be compensated. Based on the above analysis, a multi-position calibration experi-
ment scheme should be designed, and then the output data of a MEMS IMU should be
collected and processed in the calibration experiment. The purpose of such a scheme
design is to calibrate the nine g-sensitivity error coefficients from more than nine cali-
bration equations, offsetting random noise of the MEMS gyroscope and accelerometer and
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Figure 3. (8 + N(N ≥ 1))-position calibration experiment scheme.

Figure 4. (8 + N(N ≥ 1)) calibration positions diagram.

compensating gyroscope bias error. Thus, Section 2.3 designs a special (8 + N)-position
calibration experiment scheme.

2.3. (8 + N)-position calibration experiment scheme. Based on the detailed calibra-
tion model analysis of g-sensitivity error coefficients in Section 2.2, it can be concluded
that, before calibrating the nine g-sensitivity error coefficients, multi-position experiments
need to be designed to compensate the bias εb and random noise of the gyroscope and
accelerometer. ηb and random noise of the MEMS accelerometer in Equations (4)–(6)
mainly contain quantisation noise and white noise, which can be counteracted by smooth-
ing the static MEMS IMU output collected for a period at each position. As for calibrating
the gyroscope bias εb, we usually rotate the three axes of the gyroscope to a plurality
of symmetrical positions using a 180◦ rotation, to offset the impact of rotational angular
velocity of the Earth; thus the bias is calibrated. In the process of calibration of the gyro-
scope bias shown in Equation (4), not only the impact of rotational angular velocity of the
Earth but also the influence of g-sensitivity error should be considered. Hence, traditional
multi-position calibration experiments should be improved and optimised, to simultane-
ously offset the impact of rotational angular velocity of the Earth and g-sensitivity error.
Thus, the (8 + N(N ≥ 1))-position calibration experiment scheme is designed as shown in
Figure 3.

Among the (8 + N(N ≥ 1)) positions designed in Figure 4, the first eight positions
designed are mainly used for calibrating the gyroscope bias. At each position, the static
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output data of the MEMS IMU are collected for a period and then smoothed to reduce the
influence of random noise on the calibration results.

The reason for designing the eight calibration positions can be explained by the x-axis
gyroscope bias calibration process. Equation (7) gives the relationship of the rotational
angular velocity component of the Earth at each position and Equation (8) shows the
relationship of the three-axis output of the MEMS accelerometer at each position.

ω
b(1)
iex = −ω

b(3)
iex = −ω

b(5)
iex = ω

b(7)
iex

ω
b(1)
iey = −ω

b(2)
iex = ω

b(4)
iex = −ω

b(6)
iex = ω

b(8)
iex

(7)

f b(1)
x = f b(2)

y = −f b(3)
x = −f b(4)

y = −f b(5)
x

= −f b(6)
y = f b(7)

x = f b(8)
y

f b(1)
y = −f b(2)

x = −f b(3)
y = f b(4)

x = f b(5)
y

= −f b(6)
x = −f b(7)

y = f b(8)
x

f b(1)
z = f b(i)

z , (i = 2, 3, 4)

= −f b(j )
z (j = 5, 6, 7, 8)

(8)

We plug Equation (7) and Equation (8) into Equation (4) respectively and re-express the
x-axis gyroscope output as ω̃b

x , which is without random noise. ω̃b
x of the eight positions

can be expressed as Equation (9) and Equation (10):

ω̃b(1)
x = ω

b(1)
iex + Gxxf b(1)

x + Gxyf b(1)
y + Gxzf b(1)

z + εb
x

ω̃b(2)
x = −ω

b(1)
iey + Gxx

(
−f b(1)

y

)
+ Gxyf b(1)

y + Gxzf b(1)
z + εb

x

ω̃b(3)
x = −ω

b(1)
iex + Gxx

(−f b(1)
x

)
+ Gxy

(
−f b(1)

y

)
+ Gxzf b(1)

z + εb
x

ω̃b(4)
x = ω

b(1)
iey + Gxxf b(1)

y + Gxy
(−f b(1)

x

)
+ Gxzf b(1)

z + εb
x

(9)

ω̃b(5)
x = −ω

b(1)
iex + Gxx

(−f b(1)
x

)
+ Gxyf b(1)

y + Gxz
(−f b(1)

z

)
+ εb

x

ω̃b(6)
x = −ω

b(1)
iey + Gxx

(
−f b(1)

y

)
+ Gxy

(−f b(1)
x

)
+ Gxz

(−f b(1)
z

)
+ εb

x

ω̃b(7)
x = ω

b(1)
iex + Gxxf b(1)

x + Gxy

(
−f b(1)

y

)
+ Gxz

(−f b(1)
z

)
+ εb

x

ω̃b(8)
x = ω

b(1)
iey + Gxxf b(1)

y + Gxyf b(1)
x + Gxz

(−f b(1)
z

)
+ εb

x

(10)

Equations (11) and (12) are derived by summing each equation in Equations (9) and (10)
respectively, and then both sides of Equations (11) and (12) are summed. Thus, the gyro-
scope x-axis bias is calculated as shown in Equation (13). Similarly, the y-axis and z-axis
gyroscope bias can be also calibrated. From the process of calibration and calibration value
of εb

x , it can be seen that designing the first eight symmetrical positions can effectively off-
set the influence of the angular velocity of the Earth and g-sensitivity error in calibrating
the gyro bias error. Thus, the gyro bias error can be calibrated and compensated accurately.
Although the eight-position design is not unique, with such a design, the impact of the
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rotational angular velocity of the Earth and g-sensitivity error in calibrating the bias can be
simply and intuitively derived and offset.

ω̃b(1)
x + ω̃b(2)

x + ω̃b(3)
x + ω̃b(4)

x = 4Gxzf b(1)
z + 4εb

x (11)

ω̃b(5)
x + ω̃b(6)

x + ω̃b(7)
x + ω̃b(8)

x = 4Gxz
(−f b(1)

z

)
+ 4εb

x (12)

εb
x =

(
8∑

i=1

ω̃b(i)
x

)/
8 (13)

From Equation (4), it can be seen that the number of g-sensitivity error coefficients is
nine. As a result, in addition to designing the first eight positions, it is necessary to design
at least one additional position to calibrate the nine parameters, and the other positions
should not be coincident with the first eight positions. Figure 2 shows the ninth position
design when N = 1. The MEMS gyroscope output of the i−th (i = 1, 2. . .(8 + N)) posi-
tion is re-expressed as �

ω
b(i)

after compensating random noise and the bias, and substituted
into Equation (6). Thus, we obtain Equation (14) with (8 + N) equations in the form of
Equation (6).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ωie =

√(
�
ω

b(1)
x − C1

)2
+
(

�
ω

b(1)
y − C2

)2
+
(

�
ω

b(1)
z − C3

)2

...

ωie =

√(
�
ω

b(i)
x − C1

)2
+
(

�
ω

b(i)
y − C2

)2
+
(

�
ω

b(i)
z − C3

)2

...

ωie =

√(
�
ω

b(8+N )
x − C1

)2
+
(

�
ω

b(8+N )
y − C2

)2
+
(

�
ω

b(8+N )
z − C3

)2

(14)

To calculate the nine g-sensitivity error coefficients from the nonlinear equations of
Equation (14), we adopt the Newton iteration and least squares methods.

2.4. Fitting process of g-sensitivity error coefficients. Firstly, we use the Newton iter-
ation method to convert Equation (14) into linear equations to calculate the coefficients. In
the k-th Newton iteration of the data collected at the i-th position, the first order Tay-
lor expansion of the i-th equation in Equation (14) is shown as Equation (15), where

f (i)
k =

√(
�
ω

b(i)
x − C(i)

1,k

)2
+
(

�
ω

b(i)
y − C(i)

2,k

)2
+
(

�
ω

b(i)
z − C(i)

3,k

)2
and G(i)

j ,k (j = 1, 2 . . . 9) is given

in Equation (16) respectively.

ωie = f (i)
k + G(i)

1,k

(
Gxx − Gxx,k

)
+ G(i)

2,k

(
Gxy − Gxy,k

)
+ G(i)

3,k

(
Gxz − Gxz,k

)
+ G(i)

4,k

(
Gyx − Gyx,k

)
+ G(i)

5,k

(
Gyy − Gyy,k

)
+ G(i)

6,k

(
Gyz − Gyz,k

)
+ G(i)

7,k

(
Gzx − Gzx,k

)
+ G(i)

8,k

(
Gzy − Gzy,k

)
+ G(i)

9,k

(
Gzz − Gzz,k

) (15)
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G(i)
j ,k =

∂f (i)
k

∂Gxm
= −

f b(i)
m

(
�
ω

b(i)
x − C(i)

1,k

)
f (i)
k

, ([j , m] = ([1, x] , [2, y] , [3, z]))

G(i)
j ,k =

∂f (i)
k

∂Gym
= −

f b(i)
m

(
�
ω

b(i)
y − C(i)

2,k

)
f (i)
k

, ([j , m] = ([4, x] , [5, y] , [6, z]))

G(i)
j ,k =

∂f (i)
k

∂Gzm
= −

f b(i)
m

(
�
ω

b(i)
z − C(i)

3,k

)
f (i)
x

, ([j , m] = ([7, x] , [8, y] , [9, z]))

(16)

With the above conversion process, all the nonlinear equations in Equation (14) are
converted into linear equations. The converted linear equations at the k-th Newton itera-
tion are as shown in Equation (17), where the expression of G, �X and B are given in
Equation (18), Equation (19) and Equation (20) respectively.

G�X = B (17)

G =

⎡
⎢⎢⎢⎢⎢⎣

G(1)
1,k G(1)

2,k . . . G(1)
9,k

G(2)
1,k G(2)

2,k . . . G(2)
9,k

. . . . . . . . . . . .

G(8+N )
1,k G(8+N )

2,k . . . G(8+N )
9,k

⎤
⎥⎥⎥⎥⎥⎦

(8+N )×9

(18)

�X =
[
Gxx − Gxx,k, Gxy − Gxy,k, Gxz − Gxz,k, . . .

Gyx − Gyx,k, Gyy − Gyy,k, Gyz − Gyz,k, . . .

Gzx − Gzx,k, Gzy − Gzy,k, Gzz − Gzz,k
]T

1×9

(19)

B =

⎡
⎢⎢⎢⎢⎢⎣

ωie − f (1)
k

ωie − f (2)
k

...

ωie − f (8+N )
k

⎤
⎥⎥⎥⎥⎥⎦

(8+N )×1

(20)

In accordance with the least squares method solving rule, the solution of Equation (17)
is expressed as �X =

(
GTG

)
GTB, by which �X can be solved in every iteration and then

the module value ‖�X ‖ can be solved. When ‖�X ‖ satisfies the condition of ‖�X ‖ ≤
‖�X ‖threshold in the n-th iteration, the iteration process is over. ‖�X ‖threshold is the setting
threshold value and now G =

[
Gxx Gxy Gxz Gyx Gyy Gyz Gzx Gzy Gzz

]
in �X

are the nine calibrated g-sensitivity error coefficients.
2.5. Compensation of g-sensitivity error. With the fitting solutions G =

[
Gxx Gxy

Gxz Gyx Gyy Gyz Gzx Gzy Gzz
]

of g-sensitivity error coefficients in Section 2.4,
the g-sensitivity error of each axis of the MEMS gyroscope output collected at each position
can be compensated by using Equation (21), where �ωb

x , �ωb
y and �ωb

z are the three-axis

https://doi.org/10.1017/S0373463317000625 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463317000625


362 LI XING AND OTHERS VOL. 71

gyroscope remaining outputs after deducting the g-sensitivity error from �

ω
b
.

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

�ω
b(i)
x = �

ω
b(i)
x − Gxxf b(1)

x − Gxyf b(i)
y − Gxzf b(i)

z

�ω
b(i)
y = �

ω
b(i)
y − Gyxf b(1)

x − Gyyf b(i)
y − Gyzf b(i)

z

�ωb(i)
z = �

ω
b(i)
z − Gzxf b(1)

x − Gzy f b(i)
y − Gzzf b(i)

z

(21)

If the g-sensitivity error was compensated accurately, the three-axis gyroscope remain-
ing outputs �ωb

x , �ωb
y and �ωb

z would be equal to the rotational angular velocity
component of the Earth respectively, namely, the modular value of the three-axis gyro-
scope remaining output at each position would be equal to ωie, which is the modular value
of the rotational angular velocity of the Earth. The calculation of

∥∥�ωb(i)
∥∥ is as shown in

Equation (22).

‖�ωb(i)‖ =

√(
�ω

b(i)
x

)2
+
(
�ω

b(i)
y

)2 (
�ω

b(i)
z

)2
, i = 1, 2 . . . (8 + N ) (22)

The error between
∥∥�ωb(i)

∥∥ and ωie is recorded as �ω
(i)
ie_after, and compared with the

error before the g-sensitivity error compensation, to verify and evaluate the g-sensitivity
error compensation effect. The calculation of �ω

(i)
ie_after and �ω

(i)
ie_before is given in Equa-

tions (23) and (24), respectively. If �ω
(i)
ie_after < �ω

(i)
ie_before, this would verify that the

compensation of the g-sensitivity error is effective. Moreover, the smaller �ω
(i)
ie_after was

compared with �ω
(i)
ie_before, the better the compensation effect would be.

�ω
(i)
ie_after =

∣∣∥∥�ωb(i)
∥∥− ωie

∣∣ , i = 1 · · · (8 + N ) (23)

�ω
(i)
ie_before =

∣∣∣∣∣
√(

�
ω

b(i)
x

)2
+
(

�
ω

b(i)
y

)2
+
(

�
ω

b(i)
z

)2
− ωie

∣∣∣∣∣ (24)

3. EXPERIMENT DESIGN AND RESULTS. To verify the g-sensitivity error calibra-
tion method proposed, the high-precision MEMS IMU system STIM300 is adopted to
conduct the (8 + N) position calibration experiment. In STIM300, the bias instability of
MEMS gyroscope is about 1◦/h. When the gyroscope bias in STIM300 is calibrated and
compensated under the static condition, the g-sensitivity error would still cause a fixed
deviation of the gyroscope output. Thus, it is necessary to calibrate the g-sensitivity error
coefficients of the gyroscope in STIM300, and compensate for the gyroscope output error
caused by it, to improve the output accuracy of the MEMS gyroscope in STIM300, thus
validating the effectiveness of the calibration method proposed.

The designed (8 + N)-position turntable experiment can verify not only the effective-
ness of the proposed method but also the stability of the g-sensitivity error coefficients
calibrated. Moreover, to analyse the effectiveness of this g-sensitivity error coefficients
calibration method under arbitrary MEMS IMU attitudes, we designed multi-group con-
trast verification experiments of this g-sensitivity error compensation at arbitrary positions.
Repeatability verification experiments of g-sensitivity coefficients were also designed.
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Figure 5. The other seven positions of the STIM300 turntable experiment.

Figure 6. The MEMS IMU product STIM300 and its data acquisition equipment.

3.1. STIM300 Data acquisition and processing of 16-position turntable experiment.
In the stability verification experiments for calibrations of g-sensitivity coefficients, N = 8
in (8 + N) turntable positions; in other words, 16 positions are designed to calibrate the
g-sensitivity coefficients of the MEMS gyroscope in STIM300. In addition to the nine
positions given in Figure 4, the other seven positions are as shown in Figure 5.

The turntable experiments used a biaxial turntable and the output data acquisition
equipment for STIM300 is shown in Figure 6.
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Figure 7. MEMS gyroscope raw output of STIM300 at 16 positions.

Figure 8. MEMS accelerometer raw output of STIM300 at 16 positions.

In the 16-position turntable experiments, static output data were collected for about 20
minutes in each position shown in Figures 4 and 5, and the raw output of the MEMS
gyroscope and accelerometer collected at the 16 positions are as shown in Figures 7 and 8.
In Figure 7, several points where the gyro output in the y-axis and z-axis are larger represent
that during the turntable rotations from one position to another position, the rotation angle
rate is measured by the gyro during the process of rotation. The changes in gyroscope and
accelerometer output data in each axis in Figures 7 and 8 clearly show that a total of 16
turntable positions are adopted in the experimental process.

The gyroscope and accelerometer output in each axis is divided into 16 segments accord-
ing to 16 positions. In the process of turntable rotation, some axes will have a corresponding
angular rate and acceleration output. As a result, to conduct the smoothing treatment for
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Table 1. Calibration values of g-sensitivity error coefficients in MEMS gyroscope of STIM300.

Coefficients Gxx Gxy Gxz Gyx Gyy Gyz Gzx Gzy Gzz

Calibration Value 6·978 −1·189 1·118 × 10 1·254 × 10−2 7·875 −1·208 3·244 4·659 9·269

Figure 9. Comparison results between �ωie_before and �ωie_after at each turntable position.

gyroscope and accelerometer data in each position, and thus eliminate the influence of ran-
dom noise on the g-sensitivity error coefficients calibration, it is required to remove the
data in each segmentation in the first few hundred seconds and the last dozens of seconds,
and then conduct the smoothing for each segment of data. The data from the first eight
positions after processing are used to calculate the three-axis gyroscope bias error accord-
ing to Equation (11), and the gyroscope bias calibrated is εb

x = 58·041◦/h, εb
y = 30·549◦/h,

εb
z = −51·399◦/h. When smoothing is conducted on the raw output data of the MEMS

gyroscope and accelerometer, and the gyroscope bias error is also compensated, we can
use the Newton iteration method and the least squares method to fit the g-sensitivity error
coefficients.

3.2. Calibration and compensation of g-sensitivity error in STIM300.
3.2.1. Calibration Results Analysis. By using the Newton iteration and least squares

methods derived in Section 2.4, the fitting results of nine g-sensitivity error coefficients are
shown in Table 1.

With the nine g-sensitivity error coefficients calibrated, the gyro three-axis remaining
outputs �ω

b(i)
x , �ω

b(i)
y and �ωb(i)

z are calculated using Equation (21). Then �ω
(i)
ie_after and

�ω
(i)
ie_before are calculated using Equations (23) and (24), respectively. Figure 9 shows the

comparison results between �ωie_before and �ωie_after at each turntable position.
The mean and standard deviation of �ωie_before and �ωie_after in Figure 9 are calculated

and compared as shown in Table 2.
It can be seen from the statistical results in Table 2 and Figure 7 that, after compen-

sating g-sensitivity error by using the coefficients calibrated, the measurement accuracy
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Table 2. Mean and standard deviation comparison of
�ωie_before and �ωie_after

�ωie_before �ωie_after

Mean (◦/h) 3·981 4·142 × 10−1

Standard Deviation (◦/h) 2·364 4·193 × 10−1

Figure 10. MEMS accelerometer raw output at four arbitrary positions.

of rotational angular velocity of the Earth by the gyroscope at each position under the
static condition is improved. The mean value and the standard deviation of �ωie (the
measurement error of the rotational angular velocity of the Earth) are smaller than those
before the compensation. Finally, although the gyro output data at the 16 positions were
collected at different time periods, by using the data collected, the coefficients calibrated
can still effectively compensate g-sensitivity error for each period (namely each position)
and improve the measuring accuracy of the rotational angular velocity of the Earth. The
above three aspects have proved that by using the (8 + N)-position calibration experiment
scheme, Newton iteration and least squares methods, the calibration of g-sensitivity coeffi-
cients of the MEMS gyroscope in the STIM300 can effectively compensate the g-sensitivity
error and improve the output precision of the MEMS gyroscope. At the same time, the
g-sensitivity error coefficients calibrated have the merits of stability.

3.2.2. Effectiveness analysis of g-sensitivity error coefficients calibration under arbi-
trary MEMS IMU attitudes. To further verify the effectiveness of the g-sensitivity error
coefficients calibrated, based on the 16 positions shown in Figures 4 and 5, the output
of MEMS gyroscope and accelerometer under various arbitrary MEMS IMU attitudes
was also collected, among which four positions were selected to analyse the calibration
effectiveness. The MEMS acceleration output of the four arbitrary positions are shown in
Figure 10. The four arbitrary positions are such that the inner frame turned to the two
arbitrary positions when the outer frame turns 45◦ and 60◦ from the horizontal plane. The
output data of the MEMS gyroscope collected in these four positions were compensated
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Table 3. Comparison Results of �ωie_before and �ωie_after
at four arbitrary positions.

Group 1-arb 2-arb 3-arb 4-arb

�ωie_before(◦/h) 7·589 5·656 8·301 5·196
�ωie_after(◦/h) 1·802 1·086 2·015 0·857

Table 4. The g-sensitivity error coefficients calibrated results comparison in five group experiments.

����Group
G

Gxx Gxy Gxz Gyx Gyy Gyz Gzx Gzy Gzz

1 6·988 −1·174 1·059 × 10 0·813 × 10−2 7·871 −1·113 3·259 4·747 9·264
2 6·994 −1·195 1·084 × 10 0·688 × 10−2 7·863 −1·158 3·179 4·711 9·293
3 6·938 −1·213 1·135 × 10 2·017 × 10−2 7·903 −1·053 3·208 4·579 9·255
4 7·069 −1·167 1·124 × 10 1·521 × 10−2 7·893 −1·234 3·331 4·629 9·228
5 6·976 −1·144 1·145 × 10 2·011 × 10−2 7·847 −1·196 3·212 4·484 9·319

by g-sensitivity error coefficients calibrated in Table 1 and the comparison results between
�ωie_after and �ωie_before are shown in Table 3.

As can be seen from the comparison results of �ωie_before and �ωie_after in Table 3, even
if the MEMS IMU was at an arbitrary attitude, by using the calibrated g-sensitivity error
coefficients to compensate the g-sensitivity error of the MEMS gyroscope, the measure-
ment accuracy of ωie could also be improved and thus the output precision of the MEMS
gyroscope could be increased.

3.2.3. Repeatability analysis of g-sensitivity error coefficients calibrated. To validate
the effectiveness of the proposed calibration method, in addition to analysing the stability
of g-sensitivity error coefficients, we also need to conduct repeatability analysis for the
g-sensitivity error coefficients. Therefore, the MEMS gyroscope and MEMS accelerome-
ter output data of STIM300 should be collected by repeatedly starting STIM300 and the
g-sensitivity error coefficients compensation effect after many start-ups is used to evaluate
the repeatability of the g-sensitivity error coefficients, thus validating the effectiveness of
the proposed method.

In the analysis experiment of repeatability of g-sensitivity error coefficients, we col-
lected multi-group output data from the MEMS gyroscope and accelerometer in the
STIM300 at different start-up times. Each set of experiments used the (8 + N) position
calibration method proposed in this paper to calibrate the g-sensitivity error coefficients
of the MEMS gyroscope and then five groups of experiments were selected and analysed.
The calibration results of g-sensitivity error coefficients of these five groups are given in
Table 4.

In each experiment, the gyro bias was calibrated by eight symmetrical positions and
the calibration results as shown in Table 5 are within the range of STIM300 bias run-run
(±250◦/h). It can be seen from the g-sensitivity coefficients calibration results in Table 4
that the calibration coefficients fluctuate slightly, but still have a certain repeatability.

By conducting the g-sensitivity error compensation for MEMS gyro output in STIM300
according to Equation (21) and the coefficients in Table 4, the evaluated error of rota-
tional angular velocity of the Earth �ωie_after is obtained. We then compared �ωie_after with
�ωie_before as shown in Figure 11.
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Table 5. The MEMS gyroscope bias calibrated results comparison in five group experiments.
������ε(◦/h)

Group
1 2 3 4 5

εb
x −58·041 70·158 −65·327 15·643 45·315

εb
y 30·549 20·145 −28·652 −50·625 10·865

εb
z −51·399 −60·450 30·156 70·458 −20·786

Figure 11. Comparison between �ωie_before and �ωie_after in five group experiments for analysing the
repeatability of the coefficients calibrated.

It can be seen from the comparison results in Figure 11 that after the g-sensitivity
error in the MEMS gyro output data is compensated at different start-up times using the
g-sensitivity coefficients calibrated in Table 4, the output precision of the MEMS gyroscope
can be improved effectively. The result indicates that the g-sensitivity error coefficients
calibrated have the merit of repeatability, and thus fully verified the effectiveness of the
proposed calibration method of g-sensitivity coefficients of a MEMS gyroscope.

4. CONCLUSIONS. To improve the accuracy and actual performance of high-precision
MEMS gyroscopes and solve the problems in the offline calibration and compensation of
g-sensitivity error, this paper proposes a new method for offline calibration and compen-
sation for g-sensitivity coefficients. The innovation of the proposed method is manifested
in the following aspects: (1) Based on the calibration model of g-sensitivity coefficients
in a MEMS gyroscope, the Newton iteration and least squares methods are used for the
fitting of g-sensitivity error coefficients. (2) On the basis of this theoretical analysis, the
(8 + N)-position calibration scheme is designed, the MEMS gyroscope and accelerometer
data collected are smoothed, and the influence of random noise on g-sensitivity coefficients
calibration is eliminated. At the same time, the experimental data in the first eight sym-
metrical positions can effectively calibrate and compensate the triaxial bias of the MEMS
gyroscope, thus offsetting its influence on the g-sensitivity coefficients calibration. (3) The
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proposed calibration method does not require a high-precision turntable or centrifuge and
only uses a cube model, on which the MEMS gyroscope can be installed, to calibrate the g-
sensitivity error at multiple positions. The calibration cost is low and the calibration process
is fast and simple.

The method proposed in this paper has been verified effectively in many groups of
experimental data in the high-performance STIM300 MEMS IMU system. The exper-
imental results show that the proposed method can conduct effective offline calibration
for g-sensitivity error coefficients, and the calibrated coefficients have some stability and
repeatability. After the compensation of g-sensitivity error coefficients, the output precision
of a high-performance MEMS gyroscope can be effectively improved.

With the continuous improvement and upgrade of manufacturing process of MEMS
gyroscopes, both the stability and repeatability of g-sensitivity error coefficients are con-
stantly improved, although the g-sensitivity error problem still exists in MEMS gyroscopes
due to the principles of the MEMS gyroscopes. As a result, from the perspective of improv-
ing both precision and performance of a MEMS gyroscope, g-sensitivity error offline
calibration and compensation of MEMS gyroscopes has become increasingly important.
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