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ERRORS DETERMINATION OF THE MEMS IMU
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¢ Faculty of Electronics and Telecommunications, College of Technology, Vietnam National
University, Hanoi
®Department of Science and Technology, Vietnam National University, Hanoi.

1. Introduction

Nowadays, navigation and guidance are very important problems for marine, aeronautics
and space technology. In such systems, Inertial Measurement Units (IMUs) are widely used as the
core of the Inertial Navigation Systems (INS) [1]. In principle, an IMU consists of gyroscopes and
accelerometers which measure angular velocities and accelerations in three dimensions. Recently,
thank to the development of MEMS technology, the IMUs become smaller, cheaper and more precise.
However, there are still problems with MEMS based the IMUs which are necessary to be solved. The
position error of an INS increases rapidly with navigation due to the integration of measurement
errors in the gyroscopes and accelerometers. In order to make the corrections, the errors are
classified into deterministic errors and stochastic errors [2].

To eliminate the deterministic errors, we can specify them quantitatively by calibrating the
device. It is, however, more complex in determination of the stochastic errors .An optimal filter such
as Kalman one is often used. In this case, the parameters of those stochastic errors must necessary
to be specified. In this paper, we have determined noise parameters of both deterministic and
stochastic errors of MEMS based the IMUs. For the deterministic errors, a precise rate table has
been used as a calibration device. For the stochastic errors, we have tried two different methods PSD
and Allan variance. The PSD is known as a classical method to analyze signal, while Allan variance
is a new method which can show more information than the PSD. Combining these two methods will
give us a reliable noise model that is applied directly to the Noise Eliminating Block (NEB).

2. Measurement and characterization

In this study, we used the MICRO-ISU BP3010 which consists of three ADXRS300 gyros and
three heat compensated ADXL210E accelerometers [3]. The measurements are synthesized by IMU’s
micro-controllers and transmitted out via RS232 interface. The unit transmits output data as
angular incremental and velocity incremental data in serial frames of 16 bytes at one of the user-
selectable frequencies of 64 Hz, 32 Hz, 16 Hz or 8 Hz.

Figure 1: The MICRO-ISU BP3010 — A MEMS unit.
2.1 Deterministic errors

Deterministic errors consist of bias, scale factor, inertial axis misalignment that are
considered by the following error model [2]:
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Where §a|b , 5a)ib (1=x,y, z) are accelerometer and gyroscope errors expressed in the body frame.

ab

L7

&, - Accelerometer biases [m/s”].
a;; - Accelerometer scale factor [unit less].

a - Accelerometer installation error (i # j) [unit less].

aib - Accelerometer output in body frame coordinates [m/s?].

B, - Gyro biases [rad/s].

B - Gyro scale factor [unit less].

Bjj - Gyro installation error (i # J) [unit less].

ﬁijk - Gyro drift depending on acceleration, flexure error [m/s?]

a)ib -Gyro output in body frame coordinates [rad/s].

In this paper, all installation errors and flexure errors will be neglected because they are
very small. All of remaining deterministic errors are determined by the accelerometer and gyroscope
calibrations.

a) Accelerometer calibration

IR

Figure 2: Initial IMU position for up-down calibration.

In the calibration procedure of the accelerometers, the earth gravity has been used. In this
method, the IMU is initially positioned so that the Z-axis of the IMU aligned with the location level
frames U-axis, the Y-axis of the IMU aligned with the N-axis and the X-axis aligned with the E-axis
(Fig.2). It means that the gravity component will affect only the accelerometer along Z-axis by an
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amount of +g (g = 9.8 m/s?). If the IMU is then rotated 180° around the Y-axis, a new measurement
could be taken when the accelerometer along Z-axis senses the negative gravity (-g).

When the IMU with the i accelerometer aligned with the U-axis in the navigation frame, the output
of the accelerometer is:

z'(a;) = a; + (o +1)g @
Rotating the IMU 180° around perpendicular axis and making another measurement will give the
following output of the accelerometer:
Zz(aib) = a; —(a; +1)g 3)
Solving set of equations (2) and (3) above, we can estimate of the accelerometer bias and scale factor:
17,b 24D 17,b 2 (4D
Z°(a’ )+zZ"(a Z°(a )—z2" (a
L rEez@) oo e -z
2 29

The collecting data process is performed for about 10 minutes for each position, then the data is

1. 4)

averaged to give zl(af ) and zz(af ) Set of equations (4) is finally used to extract the accelerometer

bias and scale factor. Calibration results showed that the accelerometer along Z-axis has bias of
0.1330 m/s? and scale factor of 0.0041.

b) Gyroscope calibration

The method is a calibration procedure that uses a precise rate table which contains sequence of
different rates for each dimension has been made use. The IMU is initially positioned in center of
rate table and each rate is run approximately for 10 minutes.

The error model equation of the gyro is:

Wy =B + (B +D(w; +w,,) 5)
Where W is nominal gyro angular rate at table angular rate w; [deg/h, rad/s].

w; _average table angular rate for data segment j [deg/h, rad/s].
w,, sensed component of earth rotation rate [deg/h, rad/s].

P, - gyro bias [deg/h, rad/s].
ﬂii - gyro scale factor.
From (5), we have:
Wy — Wgo) — (W, —W w W, + W, +2W
_( gl gz) (W, 2) andﬂizgl— “_,_1) 1 2 ex

ﬂii - (Wl _ Wz) 2 - (ﬂ

We can then estimate gyro bias scale factor based on Eq.6. Results showed that the Z-axis gyro has
bias of 0.3172 °/s and scale factor of -0.0070.

+W

(6)

2.2 Stochastic IMU errors

Some stochastic errors that affect the Initial Navigation Systems are listed as follows.

e Quantization noise

Quantization noise is made from encoding the analog signal into digital form. This noise is caused by
the small difference between the actual amplitudes of the sampled signal and bit resolution of A-D
Converter. We can reduce quantization noises by improving encode methods, adjusting sample rate,
or increasing bit resolution.

e White noise

White noise can be a major source of the IMU errors and it has a constant power spectrum over
whole frequency axis. Angle random walk (for gyroscope) and velocity random walk (for
accelerometer) are caused by the white noise.

¢ Random walk
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This is the random process of uncertain origin, possible of a limiting case of an exponentially
correlated noise with long correlation time. The gyroscopes are affected by angular rate random
walk, while the accelerometers are affected by acceleration random walk.

¢ Flicker noise

Flicker noise is low-frequency noise term that shows as bias fluctuations in data. This noise is
caused by the electronics or other components that are susceptible to random flickering.

In order to analyze stochastic IMU errors, we have used the following methods:

a) Power spectral density analysis

The Power Spectral Density Analysis (PSD) describes how the power is allotted along the frequency
axis [4]. The output data of the IMU, which is collected during an hour, is analyzed to give the PSD.
Fig.3 shows a log-log plot of the PSD of the X-axis gyro. We note that there is a bunching of high
frequency area. It is difficult to identify the noise terms and the parameters associated with them.
Thus, the frequency averaging technique [5] has been used to smooth the PSD plot.
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Figure 3.The PSD plot of the X-axis gyro (a) and the PSD plot obtained by the frequency averaging
technique (b)

Fig.3.b shows the PSD plot of the X-axis gyro obtained by the frequency averaging technique. The
slopes of the curve comprise -2, 0 and 2. It means that the gyro data includes the angular rate
random walk, the angle random walk and the quantization noise. The PSD of the X-axis gyro (see
Fig. 3b) doesn’t have the inclination of —1, which means that the Z-axis gyro lacks the angular rate
flicker noise.
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Figure 4. The PSD of accelerometer z obtained by frequency averaging technique.

Fig.4 shows the PSD plot of Z-axis accelerometer obtained by using the frequency averaging
technique. The slopes of the curve comprise -2, -1, 0, 1 and 2. This curve indicates that accelerometer
data includes acceleration random walk, acceleration flicker noise, velocity random walk, and
acceleration quantization noise.

By using the converting formula in [6], we obtain from the PSD plot the angular rate white noise and
the acceleration white noise as listed in Tab.1.

Table 1. Estimated white noise in the inertial sensors.
Noise term X Y Z
Angular rate white noise 0/\/ﬁ 0,0560 | 0,0486 | 0,0578
Acceleration white noise (m/s)/\/ﬁ 0,0033 | 0,0030 | 0,0028

Analog Device states that angular random walk has values from 0 to 6% \/ﬁ for the ADXLS300 gyros
used in the MIRCO ISU BP3010 IMU. If we compare it to Table 1, we can see that the white noise
level indeed lies within the limit of the manufacturer.

b) Allan variance analysis

The Allan variance is statistical measure to characterize the stability of a time-frequency system [7].
The PSD can only extract white noise standard deviation. In contrast, using the Allan variance,
several other error parameters can be comprehensively derived.

The basic idea of the Allan variance is to take a long data sequence and divide it into segments based

on an averaging time 7 to process. Let give a sequence with N elements Y, , k= 0,1,..., N-1. Then, we
define for each n=1,2,3,... M <N /2 a new sequence of averages of subsequence with length n:
Yoi T Ynjsa Tt Yojns . N
X; (n)= L ik e , j=01..,|— -1 7
n n

If the sampling time is Al, the time span within an averaged sequence of length n is 7 = NAt. The
Allan variance, for a given subsequence length n, is defined as:

A
ol(z,N)=

(X1 (M) = X; (n)? ©)

The typical slopes of the Allan variance for the gyroscope and the accelerometers in log-log plot are
shown in Fig.6 with data collected from the IMU ISU BP3010 during an hour.

To determine the noise parameters, we need to fit the standard slopes in Fig 5 [8]. For example, if
data contains white noise, the slope -1/2 will appear in the log-log plot of the Allan standard
deviation.
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Figure 5. The standard slopes of the Allan standard deviation.
The log-log plot of the Allan standard deviation in Fig.6.a indicates the presence of angular rate

quantization noise (slope -1), angular rate white noise (slope -1/2), angular rate random walk (slope
1/2), while angular rate flicker noise (slope 0) is absent. This result is fully consistent with that

obtained by the PSD plot.
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Figure 6. The Allan standard deviation of gyro X (a) and of accelerometer Z (b)

Figure 6b shows the log-log plot of the Allan standard deviation for the accelerometer. This shows
the presence of accelerometer quantization noise (slope -1), accelerometer white noise (slope -1/2),
accelerometer flicker noise (slope 0), and acceleration random walk (slope 1/2). This result is gain
well consistent with that from the PSD plot. In addition, this shows the presence of acceleration
trend (slope 1) that is unable to be indicated by only using the PSD plot.

The white noise coefficient is obtained by fitting the slope line at7 =1. Below the table shows the
estimated noise coefficients for the gyros and the accelerometers.

Table 2. Identified Noise Coefficients, using Allan variance.

Gyros QZ ( rgd) . Q(rad/\/g) B (rad/s). K (rad/s/\/g) R (rad/s?
(Quantization noise) (white noise) (Flicker noise) (random walk) (trend)
X 1,504*10°¢ 1,368%10° X 5,617*107 X
Y 1,655*10° 1,517%10° 5,315%10° X X
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7 | 1,668%10° | 1,535%10° | 5,556*10° | 4,892*107 | X
Accelerometers Q,(m/s) Q(m/s/ \/g ) B(m/s?) K (m/s% \/g ) R(m/s®)
X 1,352*10° 4,734*10° 4,155%10° 1,161*10° X
y 1,400%10° 5,169*10° 4,713%10° 7,588%10° | 5.0685%107
z 1,339*10° 5,688%10° 4,025%10° 9,19710° | 7.4025%107

Character X means that the sensor lacks the error or this one is much smaller than the others.
¢) Comparison between PSD and Allan variance

Table 3 shows the comparison between the PSD and Allan variance in extracting white noise
coefficients. The results obtained by the two methods are much closed with each other which
confirmed assert the reliability and the accuracy of the error model applied to the practical Inertial
Navigation Systems.

Table 3 The comparison between the PSD and the Allan variance.

Gyros Accelerometers
PSD ((/+/h]) | Allan(/~/h ]) | PSD([m/s//h]) | Allan(m/s//h )
X | 0,0560 0.0470 0,0033 0,0028
Y|  0,0486 0.0522 0,0030 0,0031
Z| 00578 0.0528 0,0028 0.0026

3. Conclusion

This paper has succeeded in specifying the parameters of the IMU errors, which is a
necessary step when applying error-processing algorithms for the INS. Estimation of the stochastic
errors 1s more complicated than for the deterministic ones. Both of the two methods, PSD and Allan
variance, have been used here to estimate the stochastic errors of the IMU. It is shown that the
Allan variance is the more comprehensive method. The extracted results will be used as the
parameters in Kalman filter for the INS-GPS integrated system.
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THE LE GUI BAI CHUYEN SAN TOAN — VAT LY

1. Chuyén san Toan — Ly clia Tap chi Khoa hoc - Dai hoc Quéc gia Ha Noi cong b6 cac
cong trinh nghién ctru thuoc céc linh vuc: Toan hoc, Ca hoc, Vat Iy va Tin hoc ¢6 ndi dung
khoa hoc méi, chua dang va gl @ bat ky tap chi nao.

2. Bai viét duoc soan thao sach sé trén may vi tinh bang chuang trinh AMS-TcX, in lam hai
ban glri kem theo dia mém. Cac ky hiéu cong thirc ro rang chinh xac, anh va hinh vé r6
rang, dé dung chd, c6 danh s6 va chu thich.

3. Cac thuat ngt khoa hoc viét theo quy dinh chinh thrc ctia Nha nudc. Néu dung thuat ng
méi hay thuat ngit chua dugc dung rong rai, can chd thich bang tiéng ma thuat ngtr xuat
Xt & bén canh.

4. Bai viét clia tac gid phai viét bang tiéng Anh, ndi dung co dong, stc tich. Bai co ndi dung
qua 12 trang thi phai b cuc sao cho co thé dang lam 2 ky.

5. Phan tai liéu tham khdo chi néu cac tai liéu lién quan dén bai bao va dugc ghi theo quy
cach sau:

a. DG vai cac tailieu la sach: Tén tac gia, Tén sach (in nghiéng), Nha xuat ban, noi xuat
ban, nam xuét ban. Thi du:
1. Nguyén Héng Duong, Dién dong luc hoc, NXB Dai hoc va Trung hoc
Chuyén nghiép, Ha Noi 1982, 316 trang.
b. E)O'i, vdi cac tai liéu la tap chi: Tén tac gia, Tén bai bao, Tén tap chi (in nghiéng), Noi
xuat ban, tap, s6, nam xuat ban, trang. Thi du:
2. M. Fukigita, Simple Particle-Physics Model..., Phys. Rev. Lett., New York,
V.6, N,6(1989), pp 585 - 595.

6. Cudi bai ghi rd ho tén, dia chi, s6 dién thoai khi can lién lac vdi tac gia.

7. Toasoan khong tra lai ban thao néu bai khong dugc dang. Trong truong hop bai phai g
lai dé tac gia sira chira thém thi ngay nhan bai sé dugc tinh tu ngay nhan ban thao hoan
chinh.

8. Thu tur, bai viét gui theo dia chf:

Ban bién tap Chuyén san Toan - Vat Iy
Tap chi Khoa hoc - Dai hoc Quéc gia Ha Noi
144 Pudng Xuan Thiy, Cau Gidy, Ha Noi
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