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ATTITUDE SENSING APPARATUS FOR 
DETERMINING THE ATTITUDE OF A MOBILE 

UNIT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to an integrated GPS/ 
IMU attitude sensing apparatus for determining the attitude 
of a mobile unit by integrating attitude data derived from the 
global positioning system (GPS) and attitude data derived 
from an inertial measurement unit (IMU). The GPS-derived 
attitude and the IMU-derived attitude are hereinafter 
referred to as the GPS attitude and the IMU attitude, 
respectively. More particularly, the invention is concerned 
With an integrated GPS/IMU attitude sensing apparatus 
designed to reliably estimate an alignment angle for cor 
recting misalignment betWeen an antenna coordinate system 
and an IMU coordinate system. 

[0003] 2. Description of the Related Art 

[0004] A GPS attitude sensing system is a knoWn example 
of a system for determining the heading and attitude of a 
mobile unit. The conventional GPS attitude sensing system 
uses at least three GPS antennas Which are installed on a 

rigid mobile unit and are not arranged in a line. The system 
receives radio signals from GPS satellites through the indi 
vidual GPS antennas of Which positions are knoWn in a 
3-axis Cartesian coordinate system, and observes carrier 
phase differences betWeen the radio signals received by the 
individual antennas. The system then establishes an antenna 
coordinate system by calculating relative positions of the 
GPS antennas from observables of the carrier phase differ 
ences and determines the heading and attitude of the mobile 
unit in a speci?c reference coordinate system. 

[0005] The conventional GPS attitude sensing system of 
this kind can determine the attitude of the mobile unit by 
receiving a radio signal from a GPS satellite. The GPS 
attitude sensing system hoWever has a problem that, if the 
radio signal from the GPS satellite is interrupted or a cycle 
slip in carrier phase observation occurs, it becomes impos 
sible to observe carrier phase differences, resulting in an 
inability to determine the attitude of the mobile unit. 

[0006] One knoWn approach to the solution of this prob 
lem is GPS/IMU integration technology, in Which an inertial 
attitude sensing system observes motion of a mobile unit by 
use of inertia sensors (IMUs), such as angular velocity 
sensors or acceleration sensors, and the amount of rotation 
of the coordinate system, or an alignment angle for correct 
ing misalignment betWeen the attitude of the mobile unit 
obtained from inertial observations and the attitude of the 
mobile unit obtained by the GPS attitude sensing system, is 
estimated to determine the correct attitude of the mobile 
unit. 

[0007] This conventional integration approach integrates 
attitude observations obtained by the inertial attitude sensing 
system and the GPS attitude sensing system to give high 
precision attitude measurements in a stable fashion. To 
achieve this, the conventional integration approach involves 
a process of estimating an alignment angle betWeen the 
attitude of the mobile unit represented in an inertial sensor 
coordinate system (IMU coordinate system) Which is 
obtained by the inertia sensors mounted on the individual 
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axes of a 3-axis Cartesian coordinate system and the attitude 
of the mobile unit represented in an antenna coordinate 
system Which is obtained by the GPS attitude sensing 
system. 

[0008] Using this conventional approach, it is possible to 
observe the motion of the mobile unit by the inertia sensors 
and uninterruptedly outputs data on the attitude of the 
mobile unit even When the radio signals from the GPS 
satellites are interrupted, because attitude observations, if 
any interrupted due to a loss of the radio signals, can be 
interpolated by the attitude obtained by the inertia sensors. 

[0009] The aforementioned conventional GPS/IMU inte 
gration approach still has a problem to be solved, hoWever, 
Which is explained in the folloWing. 

[0010] In the conventional GPS/IMU integration 
approach, it is necessary to determine the amount of coor 
dinate system rotation, that is, an inherent alignment angle 
for correcting misalignment betWeen the antenna coordinate 
system and the IMU coordinate system, at the time of 
installation of the GPS antennas and the inertia sensors. 

[0011] Conventionally, estimation of alignment angles is 
made by one of the folloWing methods. 

[0012] A ?rst method of alignment angle estimation is 
such that multiple GPS antennas are installed While visually 
ensuring, for instance, that one reference direction (axis) of 
the IMU coordinate system of an inertial attitude sensing 
system including multiple inertia sensors matches one ref 
erence direction (axis) of the antenna coordinate system 
de?ned by the multiple GPS antennas. Then, disregarding 
misalignment Which may occur betWeen the tWo coordinate 
systems at installation, it is assumed that the tWo coordinate 
systems have been exactly matched. 

[0013] In this ?rst method, misalignment of a feW degree 
could frequently occur betWeen the tWo coordinate systems, 
so that attitude observations are inaccurate and unstable 
even When the GPS/IMU integration technology is used. 

[0014] A second method of alignment angle estimation 
involves a process of estimating the alignment angle by the 
folloWing method after setting the alignment angle by the 
aforementioned ?rst method. 

[0015] It is assumed in the folloWing explanation that the 
inertial attitude sensing system employs angular velocity 
sensors, for example. 

[0016] An angular velocity (hereinafter referred to as the 
GPS angular velocity) uugl is calculated from the attitude of 
the mobile unit obtained by the GPS attitude sensing system 
While, at the same time, an angular velocity (hereinafter 
referred to as the IMU angular velocity) (oil is determined 
by the angular velocity sensors. By taking a difference 
betWeen the GPS angular velocity uugl and the IMU angular 
velocity (oil, a difference value All is obtained and an 
alignment angle Gil is estimated from the difference value 
All. The alignment angle 0i1 thus calculated is used to 
correct an IMU angular velocity (Hi2 obtained in a succeed 
ing measurement cycle. Then, taking a difference betWeen 
the IMU angular velocity (Hi2 and a GPS angular velocity 
uugz obtained at the same time, a neW difference value A22 is 
calculated, and from the difference value A22 thus obtained, 
a neW alignment angle 0i2 is estimated and used for correct 
ing an IMU angular velocity obtained in a succeeding 
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measurement cycle. This calculation cycle is repeated there 
after such that the alignment angle 0i converges to a speci?c 
value, Whereby a true alignment angle is obtained. 

[0017] The alignment angle does not converge due to 
nonlinear property unless the alignment angle calculated as 
shoWn above is a small angle of a feW degrees. Therefore, 
the alignment angle needs to be a small angle as an initial 
condition if the aforementioned method of alignment angle 
estimation is to be used. 

[0018] If the GPS antennas are to be installed onboard by 
a user, for instance, the user must determine a GPS coordi 
nate system (antenna coordinate system) on site and install 
the GPS antennas at precise positions in such a fashion that 
the GPS coordinate system substantially matches the IMU 
coordinate system. From a practical vieWpoint, hoWever, it 
is extremely dif?cult for the unskilled user to make sure that 
the GPS antennas are installed With a minor alignment angle 
betWeen the GPS coordinate system and the IMU coordinate 
system. Furthermore, if the user can not visually check the 
locations of inertia sensors from installation sites of the GPS 
antennas, it is impossible to align the GPS coordinate system 
With the IMU coordinate system, so that it is absolutely 
dif?cult to minimiZe the alignment angle. 

SUMMARY OF THE INVENTION 

[0019] In light of the foregoing problems of the prior art, 
it is an object of the invention to provide an attitude sensing 
apparatus for determining the attitude of a mobile unit that 
can reliably estimate an alignment angle between a GPS 
antenna coordinate system and an IMU coordinate system 
With good accuracy regardless of the magnitude of the 
alignment angle. 

[0020] According to a principal feature of the invention, 
an attitude sensing apparatus for determining the attitude of 
a mobile unit is provided With an alignment angle estimator 
and an alignment angle adder. While cumulatively adding an 
alignment angle estimated at speci?c intervals and thereby 
updating the estimated alignment angle in sequence, the 
attitude sensing apparatus feeds back the estimated align 
ment angle for use in an alignment angle estimation process. 

[0021] The alignment angle estimator including an inertia 
data converter and an alignment angle estimating section 
converts inertia data obtained by IMU inertia sensors from 
an IMU coordinate system to an antenna coordinate system. 

[0022] The alignment angle estimating section estimates 
the alignment angle from the difference betWeen the coor 
dinate-converted inertia data and inertia data calculated from 
observations by a GPS attitude sensing system (hereinafter 
referred to as GPS inertia data) at the speci?c intervals. 

[0023] The estimated alignment angle is cumulatively 
added and updated by the alignment angle adder at the 
aforementioned intervals and output to the inertia data 
converter. The inertia data converter coordinate-converts the 
inertia data using the updated alignment angle obtained at a 
particular point in time. 

[0024] The alignment angle estimating section succes 
sively converts the inertia data using an alignment angle 
estimated from a difference value obtained at a particular 
point in time. Then, taking a difference betWeen the inertia 
data thus converted and the GPS inertia data obtained at the 
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same point in time as the converted inertia data, the align 
ment angle estimating section estimates a neW alignment 
angle. 

[0025] The estimated alignment angle at a particular point 
in time is estimated from the difference betWeen the inertia 
data converted by using the alignment angle updated in a 
preceding estimation cycle and the GPS inertia data obtained 
at the same point in time by repeatedly performing the 
aforementioned feedback operation. Therefore, the value of 
the alignment angle estimated by the alignment angle esti 
mating section gradually decreases and eventually 
approaches Zero. At the same time, the updated alignment 
angle produced by the alignment angle adder gradually 
approaches its true value. 

[0026] By using the alignment angle obtained by repeat 
edly performed estimation and cumulative adding opera 
tions in the aforementioned fashion, the attitude sensing 
apparatus of the invention integrates the attitude of the 
mobile unit determined in the antenna coordinate system and 
the attitude of the mobile unit determined in the IMU 
coordinate system and gives high-precision attitude mea 
surements in a stable fashion. 

[0027] According to the invention, GPS antennas are 
installed in such a manner that individual components 0X, 0y, 
0 of the alignment angle satisfy the conditions 
—85°§6X§85°, —85°§6y§85° and —85°§ 6Z§90°, and both 
the updated alignment angle and the estimated alignment 
angle are fed back for use in the alignment angle estimation 
process. 

[0028] By installing the GPS antennas such that the indi 
vidual components of the alignment angle fall Within spe 
ci?c ranges and using both the updated alignment angle and 
the estimated alignment angle in the alignment angle esti 
mation process in this Way, it is possible to simplify algo 
rithm of the alignment angle estimation process and increase 
processing speed for alignment angle estimation, Without 
Cgi as initial values. 

[0029] The attitude sensing apparatus of the invention 
further includes a sensor error adder and an inertia data 
correcting section to compensate for sensor errors contained 
in the inertia data output from the IMU inertia sensors. 

[0030] The alignment angle estimator estimates the sensor 
errors from the difference in inertia data betWeen the tWo 
attitude sensing systems and outputs the sensor errors to the 
sensor error adder. In the sensor error adder, the sensor errors 

are cumulatively added and updated at the speci?c intervals 
like the estimated alignment angle. The updated sensor 
errors are output to the inertia data correcting section, Which 
corrects inertia data obtained in a succeeding measurement 
cycle by using the updated sensor errors. 

[0031] According to the invention, it is also possible 
estimate an approximate alignment angle by visual obser 
vation, for instance, before execution of the aforementioned 
alignment angle estimation process and, using the alignment 
angle thus estimated, perform the alignment angle estima 
tion process after setting initial values of a transformation 
matrix used by the alignment angle estimator. 

[0032] Furthermore, since the alignment angle estimation 
process is performed until the alignment angle approaches a 
correct estimated value in this invention, it is possible to 
estimate the alignment angle in a reliable fashion. 
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[0033] These and other objects, features and advantages of 
the invention Will become more apparent upon reading the 
following detailed description along With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] FIG. 1 is a diagram shoWing a relationship 
betWeen an antenna coordinate system and an IMU coordi 
nate system; 

[0035] FIG. 2 is a block diagram of an attitude sensing 
apparatus according to a ?rst embodiment of the invention 
particularly shoWing its alignment angle estimation process 
?oW; 
[0036] FIG. 3 is a graphical representation of the result of 
simulation of alignment angle estimation; 

[0037] FIG. 4 is a graphical representation of the result of 
simulation of alignment angle estimation performed on an 
actual vessel; and 

[0038] FIG. 5 is a block diagram of an attitude sensing 
apparatus according to a second embodiment of the inven 
tion particularly shoWing its alignment angle estimation 
process ?oW. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS OF THE 

INVENTION 

First Embodiment 

[0039] An attitude sensing apparatus for determining the 
attitude of a mobile unit according to a ?rst embodiment of 
the invention is noW described With reference to FIGS. 1 
and 2, of Which FIG. 1 is a diagram shoWing a relationship 
betWeen an antenna coordinate system of a GPS attitude 
sensing system and an IMU coordinate system of an IMU 
attitude sensing system, and FIG. 2 is a block diagram of the 
attitude sensing apparatus of the ?rst embodiment particu 
larly shoWing its alignment angle estimation process ?oW. 

[0040] Referring to FIG. 1, ANTO, ANT1 and ANT2 
designate GPS antennas, SX, Sy and SZ designate angular 
velocity sensors Which are used as inertia sensors, xg, yg and 
Zg designate the antenna coordinate system, xi, yi and Zi 
designate the IMU coordinate system, and Cgi is a transfor 
mation matrix used for converting coordinates in the IMU 
coordinate system to corresponding coordinates in the 
antenna coordinate system. 

[0041] Referring to FIG. 2, the reference numeral 101 
designates an IMU angular velocity calculating section of 
the IMU attitude sensing system, the reference numeral 102 
designates an inertia data correcting section, the reference 
numeral 103 designates an inertia data converter, the refer 
ence numeral 104 designates a GPS attitude calculating 
section of the GPS attitude sensing system, the reference 
numeral 105 designates a GPS angular velocity calculating 
section of the GPS attitude sensing system, the reference 
numeral 106 designates an alignment angle estimating sec 
tion, the reference numeral 107 designates an alignment 
angle adder, and the reference numeral 108 designates a 
sensor error adder. The inertia data correcting section 102, 
the inertia data converter 103 and the alignment angle 
estimating section 106 together constitute an alignment 
angle estimator mentioned in the claims of this invention. 
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[0042] The three GPS antennas ANTO, ANT1, ANT2 are 
installed on the mobile unit in a manner that they are not 

arranged in a straight line as shoWn in FIG. 1. In the 
illustrated example, the GPS antenna ANTO is located at the 
origin of the antenna coordinate system and the other tWo 
GPS antennas ANT1 and ANT2 are located at coordinates 

(x1, y1, Z1) and (x2, Y2, Z2), respectively. The angular 
velocity sensors SX, Sy, SZ are mounted on the individual 
axes xg, yg, Zg of the IMU coordinate system, respectively. 

[0043] As depicted FIG. 1, the antenna coordinate system 
is rotated by a speci?c angle from the IMU coordinate 
system. Assuming that the coordinate system has been 
rotated about the Z-, y- and x-axes in this order, and 
expressing Euler angles by GK, By and 02, the transformation 
matrix Cgi is expressed as folloWs: 

cos0xcos0y 

[0044] Where 0X, By and 02 in equation (1) above are x, y 
and Z components of an alignment angle (hereinafter 
referred to as simply as the alignment angles of the indi 
vidual axes). 

[0045] The antenna coordinate system and the IMU coor 
dinate system can be correlated With each other, or inte 
grated, by estimating these alignment angles through calcu 
lation. 

[0046] A method of alignment angle estimation is noW 
described in detail With reference to FIG. 2. The angular 
velocity sensors SX, Sy, SZ are used as inertia sensors as 
already mentioned, and angular velocities measured by the 
angular velocity sensors SX, Sy, SZ (or IMU angular veloci 
ties) are used as inertia data in the folloWing discussion of 
the embodiment. 

[0047] The IMU angular velocity calculating section 101 
includes the three angular velocity sensors SX, Sy, SZ 
mounted on the three axes xg, yg, Zg of the 3-axis Cartesian 
IMU coordinate system shoWn in FIG. 1. Each of these 
angular velocity sensors SX, Sy, SZ outputs IMU angular 
velocity (Dim referenced to the IMU coordinate system. An 
IMU attitude angle calculator (not shoWn) determines an 
IMU attitude from the IMU angular velocity (Dim using a 
knoWn method. 

[0048] Each of these angular velocity sensors SX, Sy, SZ 
has as their inherent error factors a bias error Ami and a scale 
factor error AKS. Therefore, the true value mi of the IMU 
angular velocity (Dim is given by equation (2) beloW: 

[0049] Assuming that the values of the terms of the second 
and higher poWer of the aforementioned error are negligible, 
the true value mi of the IMU angular velocity (Dim can be 
expressed as folloWs: 



US 2003/0216864 A1 

[0050] Expressing the alignment angle for correcting mis 
alignment of the IMU coordinate system With respect to the 
antenna coordinate system by Aeigi, a transformation matrix 
C‘gi for correcting the misalignment is given by equation (3) 
beloW: 

[0051] Where Cgi is the true transformation matrix shoWn 
in FIG. 1 and equation (1), Aeigi is a vector of Which x, y and 
Z components are (AGX, Aey, A02), and_ S(A01gi) is an 
alternating matrix of the alignment angle Aelgi and expressed 
as folloWs: 

[0052] The inertia data converter 103 converts the IMU 
angular velocity (Dim from the IMU coordinate system to the 
antenna coordinate system using the aforementioned equa 
tion 

[0053] Disregarding the terms of the second and higher 
poWer of the error, IMU/GPS angular velocity w‘gi obtained 
by converting the IMU angular velocity (Dim from the IMU 

coordinate system to the antenna coordinate system is 
expressed as folloWs from equations (2‘) and (3): 

a)? = wggwim = [1 - smfginc?wi + Aw; + (MA/(S) (5) 

x 05w,- + C‘FAQ); + cigar-M, - smfggcfwi 

[0054] On the other hand, the GPS attitude calculating 
section 104 receives radio signals from GPS satellites 
through the GPS antennas ANTO, ANTl, ANT2 shoWn in 
FIG. 1 and outputs a GPS attitude using a knoWn method. 
Using this GPS attitude, the GPS angular velocity calculat 
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ing section 105 calculates and outputs a GPS angular 
velocity uugm. Since the actually observed GPS angular 
velocity uugm contains an error A the true value mg of the 
GPS angular velocity uugm is given by equation (6) beloW: 

[0055] Here, there is a relationship expressed by equation 
(7) beloW betWeen the true value mg of the GPS angular 
velocity uugm and the true value mi of the IMU angular 
velocity (DimZ 

(n‘qfcf?oai (7) 

[0056] From equations (5), (6) and (7), the difference AZ 
betWeen the IMU/GPS angular velocity w‘gi and the GPS 
angular velocity uugm is expressed by equation (8) beloW: 

A1 : wgm — wig (8) 

(10) 

[0058] Where Aeigix, Aeigiy and Aeigiz are alignment 
angles, Aw‘X, Andy and Aw‘z are estimated bias errors of the 
angular velocities measured by the angular velocity sensors 
SX, Sy, SZ mounted on the Z-, y- and x-axes of the IMU 
coordinate system, AK‘SX, AK‘Sy and AK‘SZ are estimated 
scale factor errors of the angular velocities measured by the 
angular velocity sensors SX, Sy, SZ mounted on the Z-, y- and 
x-axes of the IMU coordinate system, and v is an observa 

tion error of the difference AZ betWeen the IMU/GPS angular 
velocity w‘gi and the GPS angular velocity 00 respectively. gm, 

[0059] The IMU/GPS angular velocity w‘gi and the GPS 
angular velocity uugm are individually sampled at intervals of 
Tg and processed in synchronism With each other such that 
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the IMU/GPS angular velocity w‘gi and the GPS angular 
velocity uugm observed at the same time are processed 
together. 

[0060] The alignment angle estimating section 106 
receives the difference AZ betWeen the IMU/GPS angular 
velocity w‘gi and the GPS angular velocity uugm and estimates 
state variables of equation (10) above. 

[0061] For example, the alignment angle estimating sec 
tion 106 estimates the individual state variables during each 
successive sampling period Tg by using a Kalman ?lter 
represented by equation (11) beloW: 

[0062] Where (I) is a state transition matrix, and Wk=(0, 0, 
0, 11x, my, 112, 0, 0, 0)T represents observation noise. 

[0063] The Kalman ?lter calculates estimated errors of a 
current estimation cycle from those of a preceding estima 
tion cycle at speci?c intervals in such a manner that the 
mean square error of the estimated errors is minimiZed. The 
Kalman ?lter repeatedly performs this operation to deter 
mine a desired output. 

[0064] Provided that the estimated bias error Aw‘i is oAufi 
and the estimated scale factor error AK‘S is oAK‘s at a given 
point in time, the estimated bias error oAufi and the esti 
mated scale factor error oAK‘s are input to the sensor error 
adder 108. The sensor error adder 108 then adds the esti 
mated bias error oAufi and the estimated scale factor error 
oAK‘ to the estimated bias error Audi and the estimated scale 
factosr error AK‘S of the preceding estimation cycle as shoWn 
by equations (12) beloW: 

[0065] The aforementioned mathematical operation is per 
formed at the intervals of Tg, each time oAufi and oAK‘s are 
estimated. Both the estimated bias error Audi and the esti 
mated scale factor error AK‘S are updated by cumulatively 
adding their values over the successive sampling periods Tg. 

[0066] The updated estimated bias error Aw‘i and esti 
mated scale factor error AK‘S are output to the inertia data 
correcting section 102. Then, the inertia data correcting 
section 102 corrects the IMU angular velocity (Dim obtained 
in a succeeding measurement cycle using the updated esti 
mated bias error Aw‘i and estimated scale factor error AK‘S. 

[0067] By feeding back the estimated bias error Aw‘i and 
the estimated scale factor error AK‘S in the aforementioned 
fashion, sensor errors oAufi and oAK‘s estimated by the 
alignment angle estimating section 106 at a particular point 
in time are determined from the IMU angular velocity 
corrected by the estimated value of a preceding estimation 
cycle and the GPS angular velocity of a current estimation 
cycle. As a consequence, the sensor errors estimated by the 
alignment angle estimating section 106 gradually decrease 
each time they are updated and eventually approach Zero. On 
the other hand, the sensor error adder 108 cumulatively adds 
the sensor errors Which are estimated time-sequentially so 
that the sensor errors gradually approach their true values. 

[0068] The sensor errors gradually approach the true val 
ues as they are repeatedly estimated in the aforementioned 
manner. The IMU angular velocity is corrected by using 
such sensor errors to gradually exclude the in?uence of the 
sensor errors With respect to IMU angular velocity measure 
ment. 
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[0069] The alignment angle adder 107 cumulatively adds 
the alignment angle Aeigi estimated by the alignment angle 
estimating section 106 over the successive sampling periods 
Tg and generates an updated alignment angle Gigi as shoWn 
by equation (13) beloW: 

[0070] The updated alignment angle Gigi is output to the 
inertia data converter 103, Which sequentially calculates and 
updates the transformation matrix Cgi shoWn in equation (1) 
using the updated alignment angle Gigi. 

[0071] By feeding back the updated alignment angle Gigi in 
this fashion, the alignment angle 01g, estimated at a particular 
point in time is determined from the difference betWeen the 
IMU angular velocity coordinate-converted by using the 
updated alignment angle Gigi of a preceding estimation cycle 
and the GPS angular velocity obtained in the same estima 
tion cycle. As a consequence, the alignment angle Gigi 
estimated by the alignment angle estimating section 106 
gradually decreases and eventually approach Zero, and the 
estimated alignment angle Aeigi gradually approaches its 
true value. 

[0072] FIG. 3 shoWs the result of simulation of alignment 
angle estimation. 

[0073] For the purpose of simulation, alignment angle 
estimation Was made on condition that the individual com 
ponents of the alignment angle betWeen the antenna coor 
dinate system and the IMU coordinate system corresponded 
to roll angle, pitch angle and yaW angle of the mobile unit, 
Which Were assumed to be 30°, 50°and 100°, respectively, 
their initial values of estimation being 0°, and White noise 
Was superimposed. Also, the amplitudes and periods of the 
roll angle, pitch angle and yaW angle, Which Were used as 
conditions for estimating the alignment angle here, Were set 
as shoWn in Table 1 beloW. 

TABLE 1 

Component of 
alignment angle Amplitude Period 

Roll angle 4° 4 sec 
Pitch angle 4° 4 sec 
YaW angle 30° 15 sec 

[0074] Although the individual components of the align 
ment angle oscillate in an initial stage of estimation due to 
the in?uence of the White noise, for instance, the oscillation 
gradually diminish and the components of the alignment 
angle approach their true values as shoWn in FIG. 3. 

[0075] FIG. 4 shoWs the result of estimation of alignment 
angles derived from angular velocities obtained by the 
angular velocity sensors SX, Sy, SZ and the GPS antennas 
ANTO, ANTl, ANT2 installed on a sWing motion testing 
facility. In this experimental testing of estimation, tWo 
coordinate systems (for the IMU attitude sensing system and 
the GPS attitude sensing system) Were set up such that the 
roll angle Was —90° and the yaW angle and pitch angle Were 
0°. Also, yaWing and pitching Were started 180 seconds after 
the beginning of testing, and rolling Was started 500 seconds 
after the beginning of testing as sWinging conditions of IMU 
unit. 



US 2003/0216864 A1 

[0076] As shown in FIG. 4, the individual components of 
the alignment angle approach to values Within a range of 
errors of approximately 1°. This indicates that the alignment 
angles can be estimated in a reliable fashion by using the 
aforementioned alignment angle estimation method no mat 
ter hoW large the alignment angles may be. 

[0077] The alignment angles for correcting misalignment 
betWeen the antenna coordinate system and the IMU coor 
dinate system can be precisely determined as seen above by 
the aforementioned method. This means that the attitude of 
the mobile unit determined by the GPS attitude sensing 
system and the attitude of the mobile unit determined by the 
IMU attitude sensing system can be correlated With each 
other, or integrated, With high precision by the invention. In 
short, the invention makes it possible to continuously deter 
mine the attitude of the mobile unit With high precision in a 
manner unaffected by external conditions. 

[0078] In the aforementioned simulation, the initial values 
of the individual state variables in the inertia data correcting 
section 102, the inertia data converter 103, the alignment 
angle adder 107 and the sensor error adder 108 are set to all 
Zeroes and the initial value of the transformation matrix Cgi 
is assumed to be a unit matrix. 

[0079] While estimation of the individual state variables 
are done by using the Kalman ?lter in the present embodi 
ment, it is also possible to store as many differences AZ as 
necessary for calculating the individual state variables and 
calculate the state variables from these differences AZ using 
the least squares method. In this case, hoWever, it is to be 
noted that update intervals of the individual state variables 
become equal to the sampling intervals Tg multiplied by the 
number of the differences AZ necessary for calculating the 
state variables. 

[0080] In addition, although the alignment angles are 
estimated taking into account the sensor errors and the scale 
factor error in the foregoing embodiment, it is also possible 
to estimate the alignment angles by using high-precision 
angular velocity sensors or, depending on required accuracy 
of the alignment angle estimation, by neglecting the afore 
mentioned state variables. 

Second Embodiment 

[0081] An attitude sensing apparatus for determining the 
attitude of a mobile unit according to a second embodiment 
of the invention is noW described With reference to FIG. 5. 

[0082] FIG. 5 is a block diagram of the attitude sensing 
apparatus of the second embodiment particularly shoWing its 
alignment angle estimation process flow. 

[0083] Although the attitude sensing apparatus of FIG. 5 
has the same con?guration including the same circuit ele 
ments as the attitude sensing apparatus of FIG. 2, the inertia 
data converter 103 of FIG. 5 performs a different math 
ematical operation compared to the attitude sensing appa 
ratus of FIG. 2 in converting IMU angular velocities refer 
enced to the IMU coordinate system to GPS angular 
velocities referenced to the antenna coordinate system. Spe 
ci?cally, the estimated alignment angle A?igi is fed back to 
the inertia data converter 103 together With the updated 
alignment angle Gigi. 
[0084] Transformation matrix Cgi must be approximated 
by a unit matrix When the transformation matrix Cgi is 
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unknoWn, because the transformation matrix Cgi is neces 
sary to be knoWn to use the equation (8) based on the 
equation For this purpose, the individual components 0X, 
By, 02 of the alignment angle constituting individual ele 
ments of the transformation matrix Cgi are set to satisfy the 
folloWing conditions: 

checking the arrangement of the IMU coordinate system and 
the antenna coordinate system. 

[0086] It is possible to approximate the transformation 
matrix Cgi shoWn in equations (8) and (9) by a unit matrix 
With the alignment angles in the aforementioned ranges, 
Whereby equations (8) and (9) are expressed by the folloW 
ing equations, respectively: 

0 mg mg —l O O —wig O O (16) 

[0087] When the conditions expressed by inequalities (14) 
above are applied to the above equations, a maximum of 
only one element of the actual transformation matrix C‘gi 
calculated With the equation (3) by Cgi as the unit matrix has 
a sign (plus or minus) differing from the corresponding 
element of the true transformation matrix Cgi among their all 
elements. 

[0088] When the alignment angle is converted from the 
IMU coordinate system to the antenna coordinate system by 
using the actual transformation matrix C‘gi, the magnitude of 
the IMU/GPS angular velocity w‘gi Would change. HoWever, 
a change in the plus/minus sign occurs in only one of x, y 
and Z components w‘gix, w‘gi w‘giz of the IMU/GPS angular 
velocity w‘gi. 
[0089] In case that tWo components of angle velocity w‘gi 
have unreversed plus/minus signs, the estimated alignment 
angle A?igi is calculated in such a Way that it approaches a 
true value. If the estimated alignment angle Aelgi thus 
calculated is cumulatively added in sequence and fed back 
for the conversion of the angular velocity, the plus/minus 
sign of the one element of the transformation matrix C‘gi 
having the reversed plus/minus sign is reversed again so that 
the estimated alignment angle A?igi approaches its true 
value. Since the elements are corrected in this fashion, the 
true transformation matrix Cgi can be substituted for the 
transformation matrix C‘gi, making it possible to exactly 
estimate the alignment angle. 

[0090] Since the transformation matrix Cgi can be approxi 
mated by the unit matrix as stated above by setting the 
elements of the transformation matrix Cgi to satisfy the 
conditions expressed by inequalities (14), it is possible to 
simplify algorithm of mathematical operation and reduce the 
time required for estimation. 
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[0091] When the alignment angle is considerably large not 
to be satis?ed With the inequalities (14), it is possible to 
reduce the estimation time by presetting initial values Cgm) 
of the transformation matriX Cgi of the inertia data converter 
103 to satisfy the conditions of inequalities (14) as shoWn in 
FIG. 5. 

[0092] In the foregoing embodiments of the invention, 
operation for estimating the alignment angle is performed 
until the alignment angle approaches a correct estimated 
value, so that the alignment angle can be estimated in a 
reliable fashion according to the invention. 

Additional Features 

[0093] According to the invention, an estimated alignment 
angle is cumulatively added and updated at speci?c intervals 
of estimation and the updated alignment angle is fed back for 
use in alignment angle estimation process. Since a neW 
alignment angle is estimated at the same estimation intervals 
from inertia data converted by the alignment angle Which 
Was updated in a preceding estimation cycle, the alignment 
angle successively estimated at the estimation intervals 
gradually decreases and eventually approaches Zero. By 
performing such feedback operation in the alignment angle 
estimation process, it is possible to reliably estimate an 
accurate alignment angle regardless particularly of the mag 
nitude of an initial alignment angle 

[0094] According to the invention, it is possible to sim 
plify algorithm of the alignment angle estimation process 
and reduce the time required for alignment angle estimation 
by setting an initial value of the alignment angle falling 
Within a speci?c range. 

[0095] According to the invention, it is also possible to 
eXclude sensor errors contained in the estimated alignment 
angle by feeding back the successively estimated and cumu 
latively added sensor errors. With this operation, it is pos 
sible to cause the updated alignment angle obtained by 
cumulatively adding the alignment angle estimated over the 
successive estimation intervals to approach a true value With 
yet higher accuracy. 

[0096] Furthermore, the invention makes it possible to 
reliably estimate the alignment angle in the alignment angle 
estimation process and further reduce the time required for 
alignment angle estimation by setting an initial value of the 
alignment angle obtained by visual observation, for instance, 
before execution of the alignment angle estimation process. 

[0097] Moreover, since the alignment angle estimation 
process is performed until the alignment angle approaches a 
correct estimated value in this invention, it is possible to 
estimate the alignment angle in a reliable fashion. 

What is claimed is: 
1. An attitude sensing apparatus for determining the 

attitude of a mobile unit by successively performing a 
process of estimating an alignment angle betWeen an 
antenna coordinate system of a GPS attitude sensing system 
Which determines the attitude of the mobile unit in the 
antenna coordinate system and an IMU coordinate system of 
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an IMU attitude sensing system Which determines the atti 
tude of the mobile unit in the IMU coordinate system and 
thereby integrating the attitudes of the mobile unit deter 
mined in the individual coordinate systems, said attitude 
sensing apparatus comprising: 

an alignment angle estimator for successively estimating 
an alignment angle to be used in a succeeding calcu 
lation process based on the difference betWeen inertia 
data calculated from observations by said GPS attitude 
sensing system and inertia data observed by said IMU 
attitude sensing system; and 

an alignment angle adder for generating an updated 
alignment angle by cumulatively adding the succes 
sively estimated alignment angle and thereby updating 
the estimated alignment angle in sequence and for 
outputting the updated alignment angle to said align 
ment angle estimator; 

Wherein the estimated alignment angle is successively fed 
back for use in the alignment angle estimation process. 

2. The attitude sensing apparatus according to claim 1, 
Wherein individual components 0X, By, 02 of the alignment 
angle satisfy the folloWing conditions: 

and the estimated alignment angle is successively fed 
back together With the updated alignment angle for use 
in the alignment angle estimation process. 

3. The attitude sensing apparatus according to claim 1 or 
2, Wherein said alignment angle estimator successively 
estimates a sensor error caused by an inertia sensor of said 
IMU attitude sensing system from the estimated alignment 
angle, said attitude sensing apparatus further comprising: 

a sensor error adder for generating an updated sensor error 

by cumulatively adding the successively estimated sen 
sor error and thereby updating the estimated sensor 
error in sequence and for outputting the updated sensor 
error to said alignment angle estimator; 

Wherein the updated sensor error is successively fed back 
for use in the alignment angle estimation process. 

4. The attitude sensing apparatus according to one of 
claims 1 to 3 further comprising: 

a setter for setting a provisional alignment angle upon 
installation of a GPS antenna of said GPS attitude 
sensing system and an inertia sensor of said IMU 
attitude sensing system; 

Wherein initial conditions for said alignment angle esti 
mator are set by using the provisional alignment angle. 

5. The attitude sensing apparatus according to one of 
claims 1 to 4, Wherein the alignment angle estimation 
process is performed until the alignment angle is ?nally 
determined. 


