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Abstract. As a result of the low precision of MEMS inertial devices in vehi-
cle MEMS-INS/GNSS integrated navigation systems, Nonholonomic constraints
(NHC) or odometers are generally used to maintain high-precision navigation,
especially when GNSS signal is blocked or interfered. The application of NHC or
odometer generally requires that MEMS-INS is accurately installed in the vehicle
body frame. But this requirement is sometimes very harsh, such as the limitation
of vehicle installation conditions, the non-professionalism of operators, and so on.
Therefore, a method for estimating the initial installation angle of MEMS-INS is
proposed, which can quickly estimate the initial installation angle. This method
requires the vehicle to stop on a relatively horizontal road for estimating the hori-
zontal installation angle. Then the heading installation angle is calculated by using
the trajectory information of MEMS-INS during the process from stationary to
acceleration. Since this method will be affected by the accuracy of MEMS inertial
devices, the factors affecting the accuracy of installation angle estimate are ana-
lyzed in detail. Finally, the effectiveness of the method is verified by the actual
vehicle test. The method has good engineering practicability for the application
of MEMS-INS/GNSS integrated navigation system in the field of vehicle.

Keywords: MEMS-INS - GNSS integrated navigation system - Nonholonomic
constraint - Odometer - Installation angle estimate

1 Introduction

In recent years, with the development of Beidou industry, more and more integrated
navigation systems based on Beidou satellite navigation are applied in various fields.
Among them, MEMS-INS/GNSS integrated navigation system has the advantages of
low cost, small size and good dynamic performance, which is widely used in small
unmanned vehicle control, civil vehicle navigation, automatic driving precision posi-
tioning, precision agriculture and other fields [1-7]. Due to the low precision of MEMS
inertial devices, it is difficult to maintain high precision inertial navigation capability
for a long time. In the vehicle application, when GNSS signal is blocked or interfered,
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the Nonholonomic constraint (NHC) or odometer is generally used to maintain high-
precision navigation [2, 6, 7]. Both NHC and odometer make use of the characteristic
that the velocity in the plane perpendicular to the longitudinal direction is almost zero
to restrict the inertial navigation errors [2]. Therefore, the installation of MEMS-INS
must be completely coincident with the vehicle body frame, or only has a small angle
installation error [8].

In many cases, due to the limitation of vehicle installation conditions, the lack of pro-
fessional installation and calibration conditions, it is difficult to meet the above installa-
tion conditions of MEMS-INS. Therefore, it is necessary to obtain the actual installation
angle information of MEMS-INS, which can be used to transform the IMU output to
the vehicle frame. But it is difficult to obtain the installation angle in many cases. Most
of the existing literature focuses on the estimate method when the installation angle is
small. For example, Chen [8] and Zhao [9] model the installation angle error and esti-
mate it online. Yan [10] and Fu [11] use the trajectory similarity principle to estimate
the installation angle. The acceleration information is used to estimate the installation
angle, which has a better estimation effect under the condition of large acceleration and
small vibration noise [12]. But when the acceleration is small and the vibration noise is
large, the accuracy of estimation cannot be guaranteed. FIR filter and algebraic observer
are used to estimate the longitudinal and lateral accelerometer biases as well as the yaw
misalignment [13]. Nevertheless, due to the influence of noise and parameter identifia-
bility, it is difficult to ensure the stability of the estimate. To help the popularization and
application of MEMS-INS/GNSS integrated navigation system, a fast estimate method
of initial installation angle is proposed. This method has no restrictions on installation
conditions, low requirements on vehicle acceleration and vibration environment, and it
only need short time to get the stable and reliable estimate accuracy. Generally speaking,
the estimate accuracy of the initial installation angle is no need to be high. As long as
the residual installation angle error is small, the installation angle estimate model can be
used in the integrated navigation system to accurately estimate the residual installation
angle error through vehicle movement [8, 9].

2 Principle of the Installation Angle Estimate

2.1 Axis Transformation

Firstly, the coordinate system is defined as follows:

IMU frame (s-frame): x-axis refers to the right, y-axis refers to the front, and z-axis
refers to the upper, which form the right-hand coordinate system.

Vehicle frame (b-frame): y-axis points to the forward direction of the vehicle body,
x-axis points to the right side of transverse axis, z-axis points to the top of the vehicle
body, which constitute a right-hand coordinate system.

Navigation frame (n-frame): the reference frame for navigation solution generally
selects the east-north-up coordinate.

The direction cosine matrix is defined as

cycyr — sysyrsh cysyr + sycirsd —sych
Ch = —syret cyred sO (1)
sycyr + cysyrsf sysyr — cycyrsd cych
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where m and p denote any two coordinate, i ~ 6 ~ y represents the azimuth angle, pitch
angle, and roll angle from m-frame to p-frame, the abbreviations of s6 and c6 represent
sinf and cosf respectively, others are similar.

Due to the limitation of installation conditions, the IMU frame is not completely
coincident with the vehicle frame, as shown in Fig. 1. Under some installation conditions,
the IMU frame may be that any axis points above the vehicle. In this case, the IMU frame
can be transformed by the static axis transformation. As the static axis transformation
relationship is relatively simple, it will not be introduced in detail. The IMU frame (s-
frame) described later has been transformed into the installation relationship as shown
in Fig. 1 through the above static axis transformation.

Z-axis z-axis
X-axis
y-axis

s-frame

z,-axis 4 Zomaxis

y-axis yp-axis

.\."‘)yo-axis

x-axis Xp-axis

<4
b-frame Xg-axis
Fig. 1. Relative installation relationship between Fig. 2. Relative relationship between
IMU frame and vehicle frame original IMU frame (Xo-yo-Z0) and
leveling IMU frame (Xp-Yh-Zh)

2.2 Estimate of the Horizontal Installation Angle

Due to the low precision of MEMS-IMU, it cannot be used for heading alignment
[5]. In the inertial navigation, the heading error will lead to the platform command
angular velocity error. However, when the working time of SINS based on MEMS-
IMU is short, the motion velocity is small, and the motion trajectory is relatively short,
the platform command angular velocity error is almost negligible relative to the device
error of MEMS-IMU. In addition, when only the relative motion information, such as
displacement information, is needed, the error caused by heading misalignment can be
ignored. The SINS based on MEMS-IMU relies on the output of the accelerometer to
easily complete the horizontal coarse alignment. The heading angle is directly initialized
to 0°, so that the SINS works in a virtual navigation coordinate. As the navigation frame
involved in this paper is the virtual navigation frame, for the convenience of expression,
the navigation frame is n-frame.

First, the vehicle is required to stop on a basically level ground and be stationary.
When the alignment is completed in the virtual navigation frame as above, the zero-
velocity updates (ZUPT) mode is entered [14]. Due to the low precision of low-cost
MEMS-IMU, it is necessary to add the heading keeping technology in ZUPT mode to
ensure that the heading angle does not diverge.

The error state of SINS is selected as speed error §v", attitude error ¢", position error
8P, accelerometer constant bias V®, gyro constant drift &°, totally 15 dimensions. Set
the state variable as
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T
Xsis = [ 60T (87" 6P (7)) ] @

where T denotes matrix transpose.
According to the error model of SINS, the system state equation is expressed as

Xsins = FsinsXsins + Gsins W 3)

where Fgins is the system state matrix, Gsins is the noise input matrix, W is the system
state noise. The detailed definition can be referred to [15].

In ZUPT mode, the real velocity of the system is 0, so the velocity measurement
equation is expressed as

v —0=58" “4)
Ty Tio T3
The attitude matrix of SINS is defined as C{J‘ = | To1 Ty T3
T3y T3z T33

The heading angle of the first static frame is recorded as v, and the heading angle
calculated by SINS in real time is recorded as ¥sins. According to the reference [16],
the heading measurement equation for heading keeping technology is obtained as

T T3 T12T3,

5 = — = — —
¥ = ¥siNs — Yo = ¢u 2+ 12, P a N} L+ 15

From Eq. (4) and Eq. (5), the measurement equation is expressed as

Z=HX+V (6)

T . . ..
where Z = [(v“)T 8¢] , V is the measurement noise. The measurement matrix is
I 0343 O09x3

O1x3 M 0Ogx3
T)oT TnT

M= |- i ]

The above state Eq. (3) and measurement Eq. (6) are discretized to obtain as X; =
D1 X1+ T Wiy and Zp = Hi Xy + Vi

The classical Kalman filtering algorithm is used for state estimate. The detailed
algorithm can be referred to the references [10] and [15], which will not be repeated
here. In ZUPT mode, the accurate horizontal attitude angle can be obtained, which is
theoretically only affected by the biases of the horizontal accelerometers as stated in
the reference [10] and [11]. At the same time, when the ZUPT lasts for a long time, the
biases of the three-axis gyroscope and the biases of the vertical accelerometer can be
estimated, and the bias errors of the MEMS-IMU can be reduced, which is beneficial to
the pure inertial navigation when the vehicle is moving.

As described above, the horizontal attitude angle is the horizontal installation angle
of the IMU frame relative to the vehicle frame. Through the horizontal installation angle,

denoted as H = [ i|, where I is the 3-dimensional identity matrix,
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the IMU output can be converted to a new IMU frame (denoted as sp-frame), as shown
in Fig. 2, the plane determined by the x-axis and y-axis of the sy-frame is parallel to
the plane determined by the x-axis and y-axis of the vehicle frame, and the difference
between the sp-frame and the vehicle frame is only one heading installation angle v, as
shown in Fig. 3. Thus, the heading angle in Eq. (1) can be set to 0, and after substituting
the horizontal attitude angle and transposing, the transformation matrix from s-frame to
sp-frame is obtained as

cy 0 sy
Ch =1 sysd cO —cysh @)
—sych s cych

The IMU output is transferred to the sp-frame by Cs, and then the navigation
calculation is carried out in the sp-frame.

Z,-axis yp-axis A

y-axis w ’,'
\‘\‘ Xp-axis <//\ x’—axis
\‘h (RN h
S 4 Xx-axis
Fig. 3. Relative relationship between Fig. 4. Estimate principle of heading installation

Leveling IMU frame (x-yp-zp) and angle
vehicle frame (x-y-z)

2.3 Estimate of the Heading Installation Angle

After completing the estimate of the horizontal installation angle, the vehicle starts mov-
ing in a straight line from standstill, and the forward acceleration will be sensitive by the
horizontal xp-axis and yn-axis accelerometers in the sp-frame. Theoretically, the heading
installation angle ¥ can be calculated by the output of the horizontal x-axis and y-axis
accelerometer. However, when the acceleration is small or the vibration noise is large,
the accuracy of estimate is not guaranteed. In addition, low-cost MEMS inertial devices
usually have large errors, which have a greater impact on the estimate of the heading
installation angle. To meet the needs of most application scenarios, according to the
short-term high-precision characteristics of inertial navigation in the virtual navigation
frame (n-frame), the displacement information calculated by inertial navigation is used
to estimate the heading installation angle, as shown in Fig. 4. At first, the vehicle is
stationary at point O, and then the vehicle begins to move forward in a straight line.
After moving to point A, the displacement components BA and OB calculated in the
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virtual navigation frame are used to estimate the heading installation angle. The displace-
ment component BA and OB is defined respectively as Pr and Py. Then the heading
installation angle from the sy-frame to the vehicle frame (b-frame) is calculated as

—tan~ ' (Pg/Py), Py > 0
—tan~'(Pg/Py) — 7, P > 0, Py <0
V¥ =1 —tan" ' (Pg/Py) + 7, PE <0,Py <0 (8)
—7T/2,PE > O,PN =0
4+r/2,Pr <0,Py =0

The transformation matrix from sp-frame to the b-frame is obtained as

cy sy 0
Cd=| —sycy0 9)
0 01

According to Eq. (7) and Eq. (9), the transformation matrix from the s-frame to the
b-frame can be obtained as

crcy + syrsysd syrch cyrsy — syrey st
C;’ = C;’h Ch = | cyrsysd — syrcy el —syrsy — creysf (10)
—syc6 s6 cyct

The installation angle calculated above still has a certain error, which is generally
a small angle error. According to Eq. (10), the original IMU output is converted to the
b-frame for navigation solution. Then NHC or odometer can be used for the integrated
navigation system. At the same time, the linear error model can be used to estimate the
remaining installation angle errors [8, 9].

3 Error Analysis

Firstly, the error of horizontal installation angle is estimated in ZUPT mode. As the
ground is assumed to be horizontal, the error caused by uneven ground is not considered.
In ZUPT mode, the estimate accuracy of the horizontal installation angle is mainly
affected by the bias of the horizontal accelerometer. Generally, the bias of low-cost
MEMS accelerometers is about 10 ~ 70 mg, and the estimate error of the horizontal
installation angle is about 4°according to the maximum 70 mg. This error satisfies the
assumption of small angle error.

The estimate accuracy of the heading installation angle is mainly affected by the
displacement error. As stated in the reference [11], it is known that the initial alignment
error, gyro output error, and accelerometer output error will affect the position accuracy
of SINS. Since the estimate process is relatively short, it can generally be completed
within 10 s, so only the gyro constant drift and the accelerometer constant bias can be
considered. In the ZUPT mode, if the time is sufficient, the constant drift of the three-axis
gyro and the constant bias of the vertical accelerometer can generally be estimated well.
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Therefore, for the short time estimate process, only the initial horizontal attitude error
and the constant bias of the horizontal accelerometer should be considered.

As stated in the reference [16], the position error is generated by the accumulation
of velocity error over time, so the velocity error can be directly analyzed. In addition,
considering the low precision of low-cost MEMS-IMU, the short duration of the estimate
process, and the small velocity as generally less than 2 m/s, the errors related to the
earth rotation rate and the traveling velocity in the velocity error model of SINS can
be ignored, so the simplified velocity error model is expressed as SVE = —pnfu + VE
and § VN = ¢rfu + VN. According to the reference [11], the error of horizontal attitude
angle in ZUPT mode is expressed as ¢g= —Vn/fy and ¢n = VEg/fu. Substituting into
the velocity error model, the velocity error model is obtained as & VE = 0 and SVN =0.

It can be seen that the influence of the horizontal attitude error and the constant bias
of the horizontal accelerometer can be ignored in the short straight-line driving. Based
on the above error analysis, it can be seen that the influence of horizontal attitude error,
the gyro constant drift and the accelerometer constant bias on the estimate accuracy of
heading installation angle can be ignored.

4 Field Tests

To evaluate the estimate accuracy of the proposed method, the field test is carried out
by using the Qianxun magic cube of Beidou integrated navigation system. The main
technical specifications of MEMS-IMU in the test equipment are shown in Table 1.

Table 1. Main specifications of MEMS-IMU

Angular rate zero-rate | Rate noise density in | Linear acceleration | Acceleration noise
level (o/s) high-performance zero-g level offset density in
mode (o/+/Hz) accuracy (mg) high-performance
mode (ug/~Hz)
+1 5x 1073 £10 60

The number of the tested Qianxun magic cube is 4 in the field test. The test route
is shown in Fig. 5 and the test equipment is shown in Fig. 6. The initial installation
angle is estimated by the method proposed in this paper. After the estimate of the initial
installation angle is completed, the navigation mode is changed to normal mode. The
method in the reference [9] is applied to estimate the residual installation angle. As it
is difficult to directly measure the real installation angle of the test setup, the estimated
value of the residual installation angle can be used as the estimate error of the initial
installation angle. In addition, it can be seen from the references [8] and [9] that the
residual roll installation angle cannot be estimated, so only the estimate errors of the
pitch installation angle and heading installation angle are listed in the test results, as
shown in Table 2.
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Fig. 5. Field test route

Fig. 6. Field test equipment

Table 2. Results of field test

Number | Estimate Estimate True Static Maneuvering | Vehicle
error of error of heading duration | duration (s) velocity at
pitch heading installation | (s) completion
installation | installation | angle (°) of
angle (°) angle (°) installation

angle
estimate
(m/s)

1 0.81 0.07 2.54 42 2 0.98

2 0.43 0.33 —88.38 42 2 0.98

3 0.56 0.27 —88.25 42 2 0.98

4 1.55 0.10 2.90 42 2 0.98

From the above test results, it can be seen that the pitch installation angle error
estimated by the proposed method is within 2° and the heading installation angle error
is within 0.5° which can ensure that the estimated installation angle error is small.
In addition, the whole estimate process takes a short time, the static duration is 42 s,
the maneuvering duration is only 2 s, and the requirement of the vehicle maneuvering
velocity is not very high.

In order to verify the influence of IMU bias error on the estimate accuracy of the
installation angle, different gyro constant drifts and accelerometer constant biases are
added to IMU data of the No. 3 test setup. The test results are shown in Table 3.

The test results in Table 3 fully show that the gyro constant drift has little influence
on the pitch installation angle and heading installation angle, while the accelerometer
constant bias has great influence on the pitch installation angle but has little influence
on the heading installation angle. The above results basically verify the conclusion of
error analysis in Sect. 3.

In summary, the experimental results verify that the proposed method has the char-
acteristics of stable estimate accuracy and short time-consuming. It does not need to
have higher requirement for vehicle maneuvering velocity. It only needs to be static
for a period of time and then drive in a straight line to complete the estimate of the



614 H. Zhao et al.

initial installation angle. As the practical operation is convenient, it is very easy to be
popularized.

Table 3. Test results of increasing IMU bias error

Increased | Increased Estimate Estimate Static Maneuvering | Vehicle

gyro accelerometer | error of error of duration | duration (s) | speed at

constant | constant bias | pitch heading (s) completion

drift (°/s) | (mg) installation | installation of

angle (°) angle (°) installation

angle
estimate
(m/s)

0.2 0 0.53 0.07 42 2 0.98

0.4 0 0.51 0.14 42 2 0.98

0.6 0 0.49 0.36 42 2 0.98

0 20 0.62 0.24 42 2 0.98

0 40 1.71 0.29 42 2 0.98

0 60 2.81 0.37 42 2 0.98

5 Conclusion

Since MEMS-INS/GNSS integrated navigation system may be installed arbitrarily in
vehicle environment, a convenient and fast estimate method of the initial installation
angle is proposed. The estimated installation angle is used to convert the IMU frame, so
that the converted IMU frame approximately coincides with the vehicle frame, which
can facilitate the use of odometer or NHC. This method uses the navigation information
calculated in virtual navigation coordinate system to estimate the installation angle.
It only needs a short static and short-term straight-line driving to complete the initial
installation angle estimate. It has the characteristics of simple operation, short time
consumption, stable estimate accuracy and so on. As the displacement information of
navigation solution is used to estimate the heading installation angle, this method does not
have high requirements for dynamic maneuvering and vibration environment. Therefore,
this method is applicable to civil passenger cars, small-unmanned vehicles or agricultural
vehicles, which has obvious engineering significance. Finally, the effectiveness of the
proposed method is verified by the field test.
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