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Abstract: This paper derives an improved multistage in-motion attitude determination alignment
(IMADA) for strapdown inertial navigation system, which integrates the traditional IMADA and
the designed dual velocity-modeling IMADA, as well as the multiple repeated alignment process,
to address the principled model errors and the calculation errors of traditional V?-aided IMADA.
With the proposed algorithm, not only the designed drawbacks of traditional V?-based IMADA can
be solved, but also the degradation phenomenon of high-level alignment for multistage IMADA
would be largely less. Moreover, the degradation of the alignment accuracy with the vehicle velocity
is also removed. Finally, the 30 groups of car-mounted experiments and the Monte Carlo simulation
experiments with the navigation-grade SINS are carried out to demonstrate the validity of the
proposed algorithm. The results show that the number of the heading degradation of the second-level
alignment is reduced to 10 as compared the traditional number 20. Moreover, the alignment accuracy
of heading is improved by 23%. Even with the different speeds of 20 m/s, 60 m/s, 80 m/s, the heading
alignment accuracies are 1.3063°, 1.3102°, 1.3564° and are still almost the same.

Keywords: initial alignment; In-Motion Attitude Determination Alignment (IMADA); dual velocity-
modeling IMADA alignment; multistage alignment

1. Introduction

Initial alignment to determine the initial attitude matrix between the body frame and navigation
frame would be necessary for strapdown inertial navigation system (SINS). The alignment performance
would directly affect the following navigation accuracy. Normally, this process is composed of
two phases: coarse alignment and fine alignment [1-4]. The precise attitude matrix is usually
obtained with fine alignment stage. However, the recognized fine alignment methods, such as the
Kalman-based alignment or gyrocompass alignment, would rely heavily on the coarse alignment
accuracy. The higher coarse alignment accuracy can give the smaller initial system errors and provide
a linearization condition, thereby guaranteeing the performance of fine alignment [5-8]. On the other
hand, the in-motion coarse alignment (IMCA) aided by body-frame velocity has also drawn increasing
attention [9-12]. Since the IMCA is an advantageous functionality for some urgent missions, such
as military applications and natural disaster rescue, and so on. And the external ground velocity
information relative to the body frame (V?) is also easily obtained from other aiding sensors, e.g.,
Doppler velocity logs (DVL), odometers (OD), Beidou (BD) and GPS, etc.
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For IMCA, the traditional analytic methods would be difficult to provide a roughly known
initial attitude to the subsequent fine alignment because of the external disturbance and the vehicle
maneuverability [13-15]. As a result, the in-motion attitude determination alignment (IMADA) has
been presented to solve this problem [16,17]. With the attitude matrix decomposition technique,
the vehicle maneuverability can be isolated. Meanwhile, the SINS attitude alignment problem is
also equivalently transformed into the solution of constant initial attitude matrix. With the vector
observations, the constant attitude matrix can be determined by the recursive Davenport’s g-method.
Then, the problem of in-motion coarse alignment for body-frame velocity-aided SINS can be solved.
And the IMADA method has also been proven to be the robustness and the anti-interference for the
external disturbance [18,19].

Nevertheless, there are still some challenging issues for the body-frame velocity-aided IMADA,
e.g., the slow convergence, the calculation errors, the vulnerability to divergence and the principled
model errors [20-22]. Since the ground velocity information relative to the navigation frame (V") is only
obtained indirectly with the inaccurate attitude matrix and the velocity information V?, the convergence
speed of the heading alignment would be slower inevitably as compared with the V"-aided IMADA.
Meanwhile the inaccurate attitude matrix would also result in the calculation errors, and further
influence the alignment accuracy. Moreover, the noise disturbance of V? from the aiding sensors, such
as DVL or OD, would also lead to the risk of divergence. Finally, the principled model errors are
mainly caused by the omitted item (w?g x V?) of alignment modeling. And the influence of the omitted
item on alignment performance would increase with the vehicle velocity. As a result, the alignment
performance of the V’-aided IMADA may be degraded to a certain extent, thereby influencing the
subsequent fine alignment.

For these aforementioned drawbacks of the Vl-aided IMADA, many works have been carried
out. In [23,24], a fast IMADA assisted by the backward navigation algorithm is presented, thereby
lengthening the SINS data equivalently and shortening the alignment time. Moreover, the low-pass
finite impulse response (FIR) or infinite impulse response (IIR) filters have also been proposed to
eliminate the noise disturbance of sensors, including the accelerometer sensor and the external aiding
sensors [25-27]. In [28,29], the horizontal alignment algorithms based on the Gauss—Hermite filter or
the gyrocompass alignment algorithm is applied to attenuate the noise disturbance of accelerometer
and DVL, respectively. In [30], the attitude estimation with the Kalman filter is employed to track
the attitude errors, thereby decreasing the calculation errors of IMADA. With the combination of two
different velocity-based IMADASs (namely, V’-based IMADA and V"-based IMADA) and the multiple
repeated alignment process, furthermore, the multistage IMADA (MIMADA ) has also been proposed
to remove both the calculation errors and principal model errors and has superior performance [31].
In the implement process of MIMADA, however, the final alignment performance of V?-aided IMADA
would depend on the first level alignment performance significantly. Unluckily, the first level alignment
accuracy is also difficult to predict and control. As a result, the final alignment performance of V?-aided
IMADA might not be improved, even deteriorated seriously. Further, the MIMADA proposed in [31]
might be less meaning for practical engineering application.

Aiming at the above problem, this paper proposed an improved dual-velocity modeling-based
MIMADA. With the designed dual velocity-modeling IMADA, the dependence degree of second-level
alignment on the first level alignment performance can be weakened greatly. Further, the degradation
phenomenon of the MIMADA can be reduced largely. As a result, a better statistic characteristic of
alignment results can be obtained to improve the accuracy of coarse alignment and guarantee the
reliability of alignment system. The remainder of this paper is organized as follows. In Section 2,
the inherent designed defections of the traditional V’-based IMADA are first analyzed. And the
influence of the principled model errors on the alignment accuracy are verified with the Monte Carlo
alignment simulation experiments. Then, a brief overview of the traditional MIMADA is presented.
Subsequently, the existing problems of traditional MIMADA and the degradation phenomenon of
alignment accuracy are also discussed and illustrated with the 30 groups of car-mounted alignment
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experiments. Section 3 is devoted to design the improved MIMADA with the proposed dual
velocity-modeling IMADA. Experiments and simulations with the proposed MIMADA are carried out
in Section 4, and the Section 5 is the conclusions.

2. Problem Statement

2.1. The Traditional Body-Frame Velocity-Aided In-Motion Attitude Determination Alignment

In this paper, we denote the initial frame by i, the Earth frame by ¢, the navigation frame by #,
the body frame by b. Furthermore, the non-rotating inertial frames are denoted by n(0) and b(0),
which are identical to the navigation frame and the body frame at time 0 respectively. The time-varying
navigation frame and the time-varying body frame are denoted by #(t) and b(t), with time t. With the
attitude matrix decomposition technique, the attitude matrix C}(t) can be written by [30]:

T
t 0 b(0
ci(t) =yl = (c’;(t;) cr(0)ct? (1)

where the C}/(0) is the initial attitude matrix between n-frame and b-frame at time 0, and it is also a

constant matrix. Moreover, the other two matrixes Cngo)) and Cbgo)) can also be updated in real time as
follow [32]:
) b
Cury = Coig) (@h) v)
- 1(0) 0
Cn(t) = CZét)) (a)?nX) 3)

b

where the initialization of C”(O) (0) and Cb(o) (0) are all set to the identity matrix; w,

n(t) b(t)
outputs from the inertial measurement unit (IMU); v} = @} + wp,. Since the coarse alignment is
usually achieved with a short period of time, the change of Vehlcle position can be neglected and we

have L ~ Ly. Then, the »}, and wy, can be calculated by

is gyroscopes

. T
wg:[ 0 QcosLy QsmLO]

T (4)
Wep = [ -Vn/R -Vg/R —VgtanLy/R ]
where L is the initial latitude of vehicle; () denotes the angular rate of Earth’s rotation; R denotes the
Earth radius; Vg and V) are the East velocity and North velocity, respectively. Moreover, the vehicle
velocity expressed in navigation frame V" is usually calculated by

vt =_Cr (vt (5)

where CZ (t) is the calculated value of strapdown attitude matrix, and is usually acquired in the process
of the coarse alignment.

According to the analysis above, the SINS attitude alignment is also transformed into the solution
of constant initial attitude matrix C}}(0). With the traditional Vt-based IMADA, then, C}(0) can be
determined by calculating the solution of the following observation equation [33]:

Cy(0)ag = B
b_ HO) b(t b s b t b0 o
ozv C ()V (0)+ [ (a)l.exV )t - |, Con St ©)
=fc ) o1t
where f? is the accelerometer outputs; ¢" = [ 0 0 —g |7, gis the local gravity. For the solution of

the observation equation, which is the known Wahba’s problem, the recursive Davenport’s g-method



Sensors 2019, 19, 4568 40f17

is applied here. As a result, the quaternion representation of the constant matrix C}/(0) would be the
largest positive eigenvalue of the matrix Kp; as follow:

M
B+ BT - tr(B)13 ‘Zoﬁi X a;
i=

Ky = M T (7)
(Z ﬁixai) tr(B)
i=0
M
B=Y piaf (®)
i—0

With the above description, the VP-aided IMADA can be implemented. Since the a)?e (the angular
rate of Earth’s rotation expressed in b-frame) is difficult to obtain, however, the item wf.’e x Vb of
the observation vector a?, in Equation (6) is usually negligible. Consequently, the &}, is calculated
approximatively as follows:

EPO) (b s b t b0 b
" [ clg(t)) (h, x VPt = [ Cyp) frat o
~ POy b b(0) ¢p
~ Crp VP(E) =V (0) - [ Cpppy 1t

As a result, the principled model errors (namely, the approximationerror a)?g x V) would occur
in V’-aided IMADA, thereby influencing the alignment accuracy. Moreover, it is easy to see that
those influences are increasing with the vehicle velocity V?. In the process of coarse alignment, on the
other hand, the SINS attitude matrix usually would have the lower accuracy. Further, the process

attitude matrix is employed to calculate navigation-frame velocity V" from Equation (5) and update
(0)
(t)
thereby influencing the alignment performance [31].

In order to verify the influence of the principled model errors of V-based IMADA on the alignment
accuracy, the Monte Carlo simulation experiments with the different vehicle velocities are carried out
here. Total of 50 groups of 120 s simulation data are generated respectively from the SINS simulator [31].
The main simulation parameters are shown in Table 1. The sample frequency of IMU is 100 Hz.

the rotation matrix CZ (0) from Equation (3), which would also result in the large calculation errors,

The vehicle sails at the different speed values of 20 m/s, 60 m/s, 80 m/s, respectively, and the generated
external aiding velocity information V? is added intentionally by the Gaussian white noise of standard
deviation 0.03 m/s. With the above V?-based IMADA, then, the curves of mean absolute deviation
(MAE) and standard deviation (STD) of 50 alignment errors are shown in Figures 1 and 2. The statistics
of 50 heading alignment errors are also shown in Table 2.

Table 1. The specifications of simulation parameters.

Parameters Specifications
Initial position Latitude: Ly = 45.6778°, Longitude: Ay = 126.6778°
Initial attitude Roll: 0°, Pitch: 0°, Heading: 30°

Gyroscope: constant drift 0.01°/h, random noise 0.001°/h

MU Accelerometer: constant bias 100 pg, random noise 10 pg

Table 2. Statistics of the 50 heading alignment errors with the V*-based in-motion attitude determination
alignment (IMADA) in 120 s.

Heading Alignment MAE ) Mean ) STD () Maximum ) Minimum ) Max of Abiolute
Errors Value (°)
Vb =20m/s 1.5125 0.0468 1.8170 2.8012 —4.0657 4.0657
VP = 60 m/s 2.0287 0.3347 2.4259 3.0202 —5.5640 5.5640

VP =80 m/s 2.3574 0.4700 2.8069 3.2874 —6.3852 6.3852
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Figure 1. The mean absolute deviation (MAE) curves of 50 alignment results with the traditional
V'-based IMADA.
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Figure 2. The standard deviation (STD) curves of 50 alignment results with the traditional V-
based IMADA.

From Figures 1 and 2, the MAE and STD curves of three-axis alignment errors are all convergent
with the time. As a result, the V?-aided IMADA can solve the in-motion coarse alignment problem.
However, it is also easy to see that the alignment accuracy would degrade with the vehicle velocity.
The MAE and STD of 50 alignment results with the different speeds of 20 m/s, 60 m/s, 80 m/s are
1.5125°, 2.0287, 2.3574 and 1.8170°, 2.4259°, 2.8069°, respectively. From Table 2, on the other hand,
the statistic characteristic also becomes worse with the velocity. The maximum of absolute value
of 50 heading alignment errors are 4.0657°, 5.5640°, 6.3852°, respectively. This is coincident with
the above analysis about the V’-based IMADA. Because of the omitted item a)f.’e x V?, the presented
principled model errors would influence the alignment accuracy, and this degradation aggravates
with the vehicle speed. Then, the worse statistic characteristic would result in a lower reliability for
SINS alignment system. This would be disadvantageous for the practical engineering applications.
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As a result, the principled model errors arising in the traditional V*-based IMADA must be eliminated,
especially for high-speed vehicle.

2.2. The Ttraditional MultistageIn-Motion Attitude Determination Alignment and the
Aegradation Phenomenon

As mentioned and demonstrated above, the principled model errors and the calculation errors of
the traditional V?-aided IMADA would degrade the alignment accuracy and influence the reliability
of the initial alignment system. As a result, those two error sources should be removed to improve the
performance of the initial alignment system. In [31], then, the V"-aided IMADA without the principled
model errors is employed tactfully to solve the inherent designed defections of the V?-based IMADA.
The multistage in-motion attitude determination alignment (MIMADA) with two different velocity
models is presented. By integrating the V’-based IMADA and the V"-based IMADA, as well as the
multiple repeated alignment process, the MIMADA can eliminate effectively the principled model
errors and the calculation errors, thereby improving the alignment performance.

To be more specific, the traditional V-based IMADA is first carried out to acquire a final value of
initial constant attitude matrix Cj (0),, which would be a higher accuracy value. In the second-level
alignment process, then, the first final value C} (0), is utilized to calculate the stapdown attitude matrix
C} (t) by updating Equation (1). Hence, the calculated errors of stapdown attitude matrix can be
decreased as compared with the traditional method with the process value of the constant attitude
(t)
(t)
the influence of the calculation errors on the V’-aided IMADA can also be decreased, thereby improving
the alignment performance. Further, the real-time navigation-frame velocity V" can also be obtained
with the body-frame velocity V? from Equation (5) and have higher calculation accuracy. Meanwhile,
the V"-based IMADA can also be implemented and can be applied to avoid the principled model
errors of traditional V’-based IMADA. With the latest final value of higher accuracy constant attitude
matrix, moreover, the V"*-based IMADA is conducted repeatedly to further decrease and gradually
remove the calculated errors. The more details about MIMADA can be found in [31]. According to the
above description, the MIMADA can eliminate the principled model errors and the calculation errors
of the traditional V¥-aided IMADA and has superior performance.

For the V"-based IMADA, on the other hand, the observation equation of attitude determination
is also presented as follows [13]:

matrix CZ (0), which is updated recursively with the IMADA and has worse accuracy. As a result,

Lo

af = [y Cyip fipdt (10)
n 1(0) v 1 n t ~n(0) n t ~n(0) n

g = Cngt))V ~V(0) + f, CnEt))% x Vi~ [] cngt)) g"dt

From Equation (10), the in-motion coarse alignment with the V”-based IMADA would be
implemented and have no principled errors. Then, the MIMADA proposed in [31] can also be
implemented to solve the existing inherent problem of the traditional V’-based IMADA, thereby
improving the alignment performance.

In order to verify the superior performance of MIMADA, the car-mounted experiment was
carried out. The experimental equipments and the main parameters are shown in Figure 3 and
Table 3, respectively. Here, the integrated navigation system with both the differential GPS and the
navigation-grade fiber optic gyroscope (FOG) SINS served as the attitude benchmark for the in-motion
coarse alignment and provided the external aided velocity information V?. A total of 120 s coarse
alignment test is executed and operated in Harbin (126° E,46° N), Heilongjiang Province, China.
Here, only the second-level alignment for MIMADA is carried out. If not explicitly stated, the follow
MIMADA experiments are all achieved by the second-level alignment. With the traditional V’-aided
IMADA and the multistage IMADA, the three-axis alignment errors are shown in Figure 4.
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Table 3. The specifications of car-mounted experimental parameters.

Parameters Specifications
MU Gyroscope: constant drift less 0.01°/h, random noise less 0.001°/h
Accelerometer: constant bias less 100 ng, random noise less 10 ug
Differential GPS Velocity: 0.05 m/s (RMS)

Position: 0.1 m (RMS)

Figure 3. The car-mounted experiment and equipments.
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Figure 4. The improvement of alignment accuracy for the traditional multistage IMADA (MIMADA).

In Figure 4, the three-axis alignment errors are all convergence with time. As a result, the MIMADA
proposed in [31] can be applied to achieve the in-motion alignment for body-frame velocity-aided
SINS. Moreover, the alignment errors (roll, pitch, and heading) in 120 s with both the IMADA and
MIMADA algorithms are —0.0262°,—0.0062°,0.3920°, and —0.0278°,0.0032°,0.0506°, respectively. Hence,
the MIMADA can improve the alignment accuracy. This is because that the MIMADA removes the
principled model errors and the calculation errors, thereby eliminating the existing inherent defections
of the V?-based IMADA and improving the alignment performance. Therefore, the MIMADA would
have superior performance as described above.
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Nonetheless, it should be still remarkable that the performance of the second-level and the higher
level alignments with MIMADA would depend on the first-level alignment performance significantly.
Since the performance of the V"-based IMADA would mainly be influenced by the accuracy of the
navigation-frame velocity V" according to Equation (10). In MIMADA, however, V" would only be
obtained by the first final value of initial constant attitude matrix C} (0); and the body-frame velocity
VP, If the first-level alignment performance is worse, therefore, the degradation of the alignment
performance would possibly arise in MIMADA to a certain extent. With the same experimental
equipments above, for example, another 120 s coarse alignment test is also conducted. A degradation
phenomenon would occur and the alignment results are shown in Figure 5.
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Figure 5. The degradation phenomenon of alignment accuracy for the traditional MIMADA.

From Figure 5, it is obvious that the alignment accuracy would be worse, not improving, when the
MIMADA is applied to achieve coarse alignment. The heading alignment errors with two algorithms
in 120 s are 1.15° and 6.265°, respectively. As a result, it is contrary to the designed expectation
of the MIMADA. Further, the MIMADA proposed in [31] might be less appropriate for practical
engineering application.

Without loss of generality, other 30 groups 120 s coarse alignment tests are also carried out to
further illustrate the degradation phenomenon of the traditional MIMADA. With same experimental
equipments above, the total 60-min test data are collected. The test trajectory is shown in Figure 6.
Then, those test data are divided successively into 30 groups 120 s data segments. The in-motion
coarse alignments with the two algorithms are all conducted. The 30 differences of absolute value
of alignment errors between the MIMADA and traditional V¥-aided IMADA in 120 s are all shown
in Figure 7. The subscript 1 denotes alignment results with the MIMADA. In Figure 7, obviously,
the difference values greater than 0 mean that the alignment results are degraded with MIMADA.
Whereas, the difference values less than 0 mean that the alignment results are improved. Moreover,
the statistics of the 30 alignment results are also shown in Table 4.

From Figure 7, it is easy to see that the degradation number for alignment performance with
MIMADA would be more than the improvement number. From Table 4, the degradation number of
heading alignment would be 20 in 30 alignment experiments. Even the maximum value of degradation
of alignment accuracy is 5.1148°. Then the performance of the subsequent fine alignment might be
influenced seriously because of the poor coarse alignment accuracy. Moreover, the mean and variance
of the differences of absolute value of heading alignment errors are 0.5523° and 1.0928°. As a result,
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the statistic characteristics of alignment accuracy with MIMADA would be bad, thereby decreasing the

reliability of alignment system.
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Figure 6. The test trajectory of vehicle experiment.
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Figure 7. The difference of absolute value of alignment errors between the MIMADA and the V?-

aided IMADA.

Table 4. Statistics of 30 alignment results with MIMADA and traditional V?-aided IMADA.

The Differences of Absolute

o . o . o .. o Number of
Value of Alignment Errors Mean (°)  Variance ()  Maximum (*) ~ Minimum () Degradation (>0)
[6R1] = [0R] —0.0009 0.0183 0.0298 —0.0894 13
[6P1] = [6P] 0.0071 0.0099 0.0301 -0.0091 19
[6H1| — [0H]| 0.5523 1.0928 5.1148 —0.6906 20

This is because that the performance of MIMADA would mainly depend on the first level
alignment performance as analyzed above, thereby resulting in the degradation phenomenon. Thus,
the final alignment accuracy would be influenced. As a result, the first level alignment accuracy must
be guaranteed strictly. Otherwise, the MIMADA might be less appropriate for practical application
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because of the degradation phenomenon. Because of unavoidable random noises of the sensors,
however, the first-level alignment accuracy with the traditional V’-aided IMADA is usually difficult to
guarantee and control. Moreover, the higher requirement for the first-level alignment accuracy may
cost more alignment time, which is contradiction to the rapidness of the initial alignment. Therefore,
a new solution for MIMADA is expected to be proposed to guarantee the statistic characteristics.

3. The Improved Multistage In-Motion Attitude Determination Alignment with the Dual
Velocity-Modeling

In this section, an improved MIMADA is presented to solve the aforementioned drawbacks of
traditional MIMADA. The designed dual velocity-modeling IMADA is proposed to substitute the
V"-based IMADA in the process of the high-level alignment for traditional MIMADA. The degradation
phenomenon is expected to be decreased. The desired statistic characteristics can also be guaranteed.
The detail algebraic expressions for dual velocity-modeling IMADA are derived as follows:

Differentiating both sides of Equation (5), we have:

.n . b .n b
V. =CV +CV (11)
Then, substituting the formula CZ = CZ(a)i ,%) into the Equation (11) gives,
V' = (v b, x VP 12
=4 (Vv + W,y X ) (12)
Moreover, taking the cross-product in Equation (5), we have
(@ + @) X V" = (0l + &f,) x V'] (13)
On the other hand, the force equation for SINS is well-known as
-n
vV = CZf}; — (2w}, + wpy) X V" + ¢" (14)
Then, substituting Equations (12) and (13) into the force equation and reorganizing, we have
- b
|V +ahx v gh] = g - wpx v (15)

(0)

o and integrating both

Substituting Equation (1) into Equation (15), multiplying the left by CZ
sides, we have

t b to
Cy(0) [ (V' +ahyx vt =i = [ g - x v (16)
Since
[0V = Oyl O b gy
= S 7 o T Jo Sy Yin

0 “b(t)
_ ~b0)1p b t ~b(0) b
= Cb(t) Ve(t) - Vv°(0) —fo Cb(t) wsy X VOdt

(17)
The Equation (17) can be rewritten as,

t t
n b b n n n
C(0) CbEg)Vb(t)—Vh(O)— fo cbgfffigdt]— fo CZE?))(g — X V")t (18)
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According to Equation (18), further, the observation equation of attitude determination with the
dual velocity-modeling can be constructed as follows:

Cn(o)abn — pbn
b O b £ b(0) i
ay" = Cypy V2(£) = V2(0) = b Cotry St (19)
t n(0
g" — fo CnEt))<g” — a);’g X V”)dt

With the above designed dual velocity-modeling IMADA, the initial constant matrix C}(0) can be
determined by the recursive Davenport’s g-method.

Comparing with Equations (9) and (19), however, obviously the omitted item of alignment
modeling would never have been developed in the dual velocity-modeling IMADA. With the proposed
IMADA, consequently, the principled model errors for the traditional V’-based IMADA would also be
avoided, thereby improving the coarse alignment accuracy and providing a better initial condition for
the subsequent fine alignment. From Equation (19), moreover, only the item w, X V" is related to the
navigation-frame velocity V" in the proposed dual velocity-modeling IMADA. Hence the dependence
degree of the alignment performance on the ground velocity V" can be decreased largely as compared
with the V"-based IMADA in Equation (10). For the MIMADA aided by body-frame velocity V?, further,
the ground velocity V" is usually obtained with the first final value of initial constant attitude matrix
C},(0); and the body-frame velocity V?. Hence, the accuracy requirement for the first-level alignment
in MIMADA can be weakened greatly accordingly when the dual velocity-modeling IMADA are
applied to substitute the V"-based IMADA in the process of the high-level alignment for the MIMADA.
Furthermore, the Earth angular rate @], is also relatively smaller. Even if there is still deterioration,
therefore, the accuracy degradation of the proposed dual velocity-modeling IMADA would be less,
which is mainly caused by the addition item w, X V". Consequently, the dual velocity-modeling
IMADA can be employed to substitute the V"*-based IMADA for the high-level alignment and to solve
the practical application problem for traditional MIMADA as mentioned and demonstrated above.

On the other hand, the block diagram of the improved multistage IMADA based on the designed
dual velocity-modeling IMADA with the second levels is also illustrated in Figure 8. As shown in
Figure 8, the initial constant attitude matrix C}(0), can be first obtained from the first-level alignment
with the traditional V’-based IMADA. Then, the higher accuracy matrix C;(0); can be applied to

acquire the navigation-frame velocity (V") with the less calculation errors. Subsequently, the matrix
C”(O)
n(t)

implemented to accomplish the second-level alignment. Further, the alignment process is carried out

(t) can also be updated accurately. The designed dual velocity-modeling IMADA can also be

from 1 to s to obtain initial strapdown matrix Cy (£;). Then the SINS starts the fine alignment process.

Recording the
external aided -
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Figure 8. The block diagram of the improved multistage IMADA with the designed dual velocity-
modeling IMADA.
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According to the above analysis, therefore, the proposed dual velocity-modeling IMADA can be
applied to implement the MIMADA and have less degradation phenomenon. The MIMADA based on
the designed dual velocity-modeling IMADA would be promising for achieving the in-motion coarse
alignment without sacrificing the statistic characteristics for body-frame velocity-aided SINS, thereby
improving the alignment performance of traditional MIMADA and guaranteeing the reliability of
alignment system.

4. Experiments and Simulations

In order to demonstrate the validity of the improved MIMADA based on the dual velocity-modeling
IMADA, the car-mounted experiments and simulations are conducted in this section. With the same test
data in Section 2.2, the 30 group in-motion coarse alignment experiments are also performed similarly to
illustrate the weak degradation phenomenon and the superior performance of the proposed MIMADA.
The 30 differences of absolute value of alignment errors between the improved MIMADA and traditional
VP-based IMADA in 120 s are shown in Figure 9. The subscript 2 denotes alignment results with the
proposed MIMADA. Similarly, the difference values greater than 0 mean the degradation, whereas,
the difference values less than 0 mean the improvement. Moreover, the statistics of the 30 alignment
results are shown in Table 5. The curves of the MAE and the STD of 30 alignment results with the
improved MIMADA and traditional V?-based IMADA are also shown in Figures 10 and 11.

Table 5. Statistics of 30 alignment results with the proposed MIMADA and traditional V?-aided IMADA.

Differences of Absolute o o . o . . o Number of
Value of Alignment Errors Mean(*) STD () Maximum(’) Minimum () Degradation(>0)
[6Rz| — |0R| 0.0001 0.0013 0.0024 —0.0033 15
[6P2| — [6P] —0.0004 0.0037 0.0057 —0.0047 12
I6H,| — |6H| -0.1767  0.4261 0.4431 -1.7122 10

x [OR,[-[6R| ¥ [6P,[-[6P] s [4H,[-[dH]

%1073
2 T T T T T T
o x x
- x x X X
= O_xx X x x 1] x\." X o PRIV ol
ca X x % x x x x
x
x
5 1 1 1 1 1 1
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10 L L] T T 1 T
N T i % 4
= ‘* * *
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Figure 9. The difference of absolute value of alignment errors between the proposed MIMADA and the
V-aided IMADA.

Comparing Figures 7 and 9, it is easy to see that the numbers of the difference values greater
than 0 is obviously less than the ones with the traditional MIMADA. As a result, the degradation
phenomenon with the proposed MIMADA can be decreased largely. In the total 30 alignment
results, the degradation numbers of heading alignment with two MIMADA algorithms are 10 and 20,
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respectively. The maximum degradation of heading error with the proposed MIMADA is only 0.4431°,
which is also a very small value, while the maximum degradation of heading accuracy with the
traditional algorithm is 5.1148° from Table 4. Therefore, the designed dual velocity-modeling IMADA
can decrease the dependence degree on the accuracy requirement of the first-level alignment, which can
be expected to improve the alignment performance of traditional V?-based IMADA without sacrificing
the statistic characteristics. This coincides with the previous analysis for the improved MIMADA.

From Table 5, on the other hand, the mean of the differences of absolute value of heading alignment
errors is a negative value and is —0.1767°, while the mean of the differences with the traditional MIMADA
is 0.5523° and is a positive number, as shown in Table 4. As a result, the proposed MIMADA can solve the
drawbacks of traditional MIMADA and decrease the degradation phenomenon, thereby guaranteeing
the reliability of alignment system. The proposed MIMADA can also improve the traditional V?-based
IMADA and has a better statistical performance. Consequently, the improved MIMADA would have
higher meaning for practical application and result in the superior performance.

I— Traditional IMADA Proposed multistage IMADA I

03 >
2 0.06
02
= 0.04
[sa)

2ol
= 0.02
0 ] ] 1 ] 1
0 20 40 60 70 8 90 100 110 120
03 - - - . 0.03
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0.01

MAE (6R) /°

0
0 20 40 60 70 80 90 100 110 120

MAE (0 H) /°
s 8
—_ N .

0 20 40 60 70 80 90 100 110 12
Time (s)

2
(=]

Figure 10. The MAE comparison of 30 alignment experiments between the proposed MIMADA and
the traditional V?-aided IMADA.
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Figure 11. The STD comparison of 30 alignment experiments between the proposed MIMADA and the
traditional V’-aided IMADA.
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From Figures 10 and 11, we can see that the MAE and STD curves of alignment errors with the
traditional V?-based IMADA and the proposed MIMADA show convergence with time. As a result,
the proposed MIMADA can achieve the in-motion coarse alignment for body-frame velocity-aided
SINS. Nonetheless, the MAE and STD with the proposed MIMADA is also obviously less than
the ones with the V’-based IMADA. The MAEs and STDs of 30 heading alignment errors with
two algorithms in 120 s are 0.6174°, 0.9483° and 0.7991°, 1.2435°. This coincides with the previous
analysis for the superior performance of the improved MIMADA. Since the proposed MIMADA can
remove the principled model errors and the calculation errors of the traditional V’-based IMADA,
thereby improving the alignment accuracy. Meanwhile, the dual velocity-modeling IMADA can reduce
the dependence degree on the accuracy requirement of the first-level alignment, thereby decreasing the
degradation phenomenon of the traditional MIMADA. As a result, the improved MIMADA not only
can solve the inherent defections of the V?-based IMADA, but also have a better statistic characteristics,
thereby resulting in the superior performance.

In order to verify the superior performance of the proposed MIMADA further, moreover,
the in-motion coarse alignment simulation experiments with the different vehicle velocities are also
carried out. With the same simulation data in Section 2.1, the 50 Monte Carlo initial alignment
simulations for body-frame velocity-aided SINS are also presented by using the proposed MIMADA.
Then, the MAE and STD curves of 50 alignment results are shown in Figures 12 and 13. Moreover,
the statistics of 50 heading alignment errors in 120 s are also shown in Table 6.

Table 6. Statistics of the 50 heading alignment errors with the proposed MIMADA in 120 s.

The Heading MAE () Mean() STD() Maximum () Minimum () WaX of Absolute
Alignment Errors Value (°)
Vb =20m/s 1.3063 0.1030 1.5675 2.8094 -3.3243 3.3243
Vb =60 m/s 1.3102 0.0535 1.5715 2.6882 —-3.3842 3.3842
Vb =80 m/s 1.3564 0.0113 1.6258 2.6716 -3.5307 3.5307
| vb =20 vb =60 —— vb =50 | 1073
6
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Figure 12. The MAE curves of 50 alignment results with the proposed MIMADA.
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Figure 13. The STD curves of 50 alignment results with the proposed MIMADA.

From Figures 12 and 13, the alignment errors with the different vehicle velocities, all show
convergence with time. Comparing Figures 1 and 12 and Figures 2 and 13 respectively, even for the
different vehicle-velocity in-motion initial alignments, the final alignment errors with the proposed
MIMADA in 120 s are still almost the same. The heading alignment accuracy with the different speeds
of 20 m/s, 60 m/s, 80 m/s are 1.3063 °, 1.3102°, 1.3564°, respectively. As a result, the proposed MIMADA
can solve the existing problem of traditional V¥-based IMADA, where the alignment accuracy would
degrade with the vehicle velocity. Comparing Tables 2 and 6, moreover, the statistics of the 50 alignment
errors with the proposed MIMADA are also better than the ones with traditional V?-based IMADA.
The MAE:s of the heading alignment accuracy with two MIMADA algorithms in 20 m/s are 1.3063°
and 1.5125°, respectively. This coincides with the previous analysis. With the proposed MIMADA,
the principled model errors and the calculation errors of the traditional V’-based IMADA can be
removing, thereby improving the alignment accuracy. With the designed dual velocity-modeling
IMADA, meanwhile, the degradation phenomenon of the traditional MIMADA can also be decreased
largely, thereby guaranteeing the better statistic characteristics and resulting in the reliability of
alignment system further. As a result, the proposed MIMADA would have the superior performance
and the higher engineering value.

5. Conclusions

The existing principled model errors and calculation errors for V-based IMADA would degrade
the alignment accuracy inevitably, especially for high-speed in-motion alignment, thereby further
influencing the performance of fine alignment. The newly-presented MIMADA can eliminate the
inherent defections of traditional V’-based IMADA and improve the alignment performance. However,
the exhibited degradation phenomenon would result in the worse statistic characteristics for the finial
alignment results, and hence decrease the reliability for alignment system. As a result, this paper
proposes an improved multistage in-motion attitude determination alignment to achieve the IMCA for
body-frame velocity-aided SINS, where the dual velocity-modeling IMADA is designed to execute the
second-level alignment and the high-level alignment for traditional MIMADA. With the proposed
dual velocity-modeling IMADA, the dependence degree of second-level alignment on the first level
alignment performance can be weakened greatly as compared with the traditional multistage IMADA.
Further, the degradation phenomenon of traditional MIMADA can also be reduced largely. Not only the
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designed drawbacks of traditional V’-based IMADA can be solved, but also the statistic characteristics
of alignment results can also been guaranteed. Moreover, the worse alignment accuracy for the V?-based
IMADA, the degradation phenomenon for the traditional MIMADA and the superior performance
for the proposed MIMADA are demonstrated by the 30 groups of car-mounted experiments and the
Monte Carlo simulation experiments. The results show that the number of the heading degradation
of the second-level alignment is reduced to 10 as compared to the traditional number 20. Moreover,
the alignment accuracy of heading is improved by 23%. Even with the different speeds of 20 m/s, 60 m/s,
80 m/s, the heading alignment accuracies are 1.3063 °, 1.3102°, 1.3564° and are still almost the same.
Thus, the proposed multistage IMADA can improve the alignment accuracy without sacrificing the
statistic characteristics, thereby guaranteeing the reliability of alignment system, superior performance,
and higher engineering value.

Author Contributions: All the authors contributed to this work. This idea is originally from M.L. H.Q. and
H.M. provided many ideas and some experimental supports; M.L., H.M. and H.Q. conducted the simulation and
experiments and finished writing this manuscript; M.W. and W.K. conducted some work on the modification of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lu, J.; Xie, L.; Li, B. Analytic Coarse Transfer Alignment Based on Inertial Measurement Vector Matching
and Real-Time Precision Evaluation. IEEE Trans. Instrum. Meas. 2016, 65, 355-364. [CrossRef]

2. Liu, M, Li, G; Gao, Y;; Li, S.; Meng, Q.; Du, S. Improved Polar Inertial Navigation Algorithm Based on
Pseudo INS Mechanization. Aerosp. Sci. Technol. 2018, 77, 105-116, S1270963817315377. [CrossRef]

3. Li, J.; Wang, Y,; Lu, Z,; Li, Y. Instantaneous Observable Degree modeling Based on Movement Measurement
for Airborne POS. Aerosp. Sci. Technol. 2018, 84, 916-925. [CrossRef]

4. Liu, M, Li, G,; Gao, Y; Li, S.; Guan, L. Velocity-Aided In-Motion Alignment for SINS Based on Pseudo-Earth
Frame. J. Navig. 2018, 71, 20. [CrossRef]

5. Wu, Y,; Pan, X. Velocity/Position Integration Formula Part II: Application to Strapdown Inertial Navigation
Computation. Aerosp. Electron. Syst. IEEE Trans. 2013, 49, 1024-1034. [CrossRef]

6. Chang, L. Li,J.; Li, K. Optimization-Based Alignment for Strapdown Inertial Navigation System Comparison
and Extension. IEEE Trans. Aerosp. Electron. Syst. 2014, 52, 1697-1713. [CrossRef]

7. Cao,S.; Guo, L.; Chen, W. Anti-Disturbance Fault Tolerant Initial Alignment for Inertial Navigation System
Subjected to Multiple Disturbances. Aerosp. Sci. Technol. 2018, 72, 95-103. [CrossRef]

8. Li, W.; Zhang, L.; Sun, F;; Yang, L.; Chen, M.; Li, Y. Alignment calibration of IMU and Doppler sensors for
precision INS/DVL integrated navigation. Opt. Int. ]. Light Electron Opt. 2015, 126, 3872-3876. [CrossRef]

9. Zhang, G.H.; Hsu, L.T. Intelligent GNSS/INS Integrated Navigation System for a Commercial UAV Flight
Control System. Aerosp. Sci. Technol. 2018, 80, 368-380.

10. Wang, Q.Y,; Li, Y.B.; Diao, M.; Gao, W.; Yu, E. Moving Base Alignment of a Fiber Optic Gyro Inertial
Navigation System for Autonomous Underwater Vehicle Using Doppler Velocity Log. Opt. Int. ]. Light
Electron Opt. 2015, 126, 3631-3637. [CrossRef]

11. Hu, G.; Wang, W.; Zhong, Y.; Gao, B.; Gu, C. A New Direct Filtering Approach to INS/GNSS Integration.
Aerosp. Sci. Technol. 2018, 77, 755764, S1270963817316498. [CrossRef]

12. Wu, Y,; Pan, X. Velocity/Position Integration Formula Part I: Application to In-Flight Coarse Alignment.
IEEE Trans. Aerosp. Sci. Technol. 2012, 49, 1006-1223. [CrossRef]

13. Jiang, Y.F. Error Analysis of Analytic Coarse Alignment Methods. IEEE Trans. Aerosp. Sci. Technol.
1998, 34, 334-337.

14. Felipe, O.S. Generalized Error Analysis of Analytical Coarse Alignment Formulations for Stationary SINS.
Aerosp. Sci. Technol. 2018, 79, 500-505.

15.  Silson, PM.G. Coarse Alignment of a Ship’s StrapdownlInertial Attitude Reference System Using Velocity
Loci. IEEE Trans. Instrum. Meas. 2011, 60, 1930-1941. [CrossRef]

16. Wu, M.; Wu, Y,; Hu, X.; Hu, D. Optimization-Based Alignment for Inertial Navigation Systems: Theory and
Algorithm. Aerosp. Sci. Technol. 2011, 15, 1-17. [CrossRef]


http://dx.doi.org/10.1109/TIM.2015.2502879
http://dx.doi.org/10.1016/j.ast.2018.02.029
http://dx.doi.org/10.1016/j.ast.2018.11.025
http://dx.doi.org/10.1017/S0373463317000492
http://dx.doi.org/10.1109/TAES.2013.6494396
http://dx.doi.org/10.1109/TAES.2016.130824
http://dx.doi.org/10.1016/j.ast.2017.10.041
http://dx.doi.org/10.1016/j.ijleo.2015.07.187
http://dx.doi.org/10.1016/j.ijleo.2015.08.226
http://dx.doi.org/10.1016/j.ast.2018.03.040
http://dx.doi.org/10.1109/TAES.2013.6494395
http://dx.doi.org/10.1109/TIM.2011.2113131
http://dx.doi.org/10.1016/j.ast.2010.05.004

Sensors 2019, 19, 4568 17 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gu, D.; El-Sheimy, N.; Hassan, T.; Syed, Z. Coarse Alignment for Marine SINS Using Gravity in the Inertial
Frame as a Reference. In Proceedings of the Position, Location Navigation Symposium, IEEE/ION, Las Vegas,
NV, USA, 31 March—4 April 2008; IEEE: Piscataway, NJ, USA, 2008; pp. 961-965.

Taizhong, K.; Jiancheng, F.; Wei, W. Quaternion-Optimization-Based In-Flight Alignment Approach for
Airborne POS. IEEE Trans. Instrum. Meas. 2012, 61, 2916-2923. [CrossRef]

Li, J.; Xu, J.; Chang, L.; Zha, F. An Improved Optimal Method For Initial Alignment. ]. Navig. 2014, 67, 727-736.
[CrossRef]

Liu, X.; Zhao, Y.; Liu, X,; Yang, Y.; Song, Q.; Liu, Z. An Improved Self-Alignment Method for Strapdown
Inertial Navigation System Based on Gravitational Apparent Motion and Dual-Vector. Rev. Sci. Instrum.
2014, 85, 3836-3846. [CrossRef]

Liu, M;; Gao, Y;; Li, G. Moving base alignment for SINS based on pseudo inertial navigation system modeling.
In Proceedings of the IECON 2017-43rd Annual Conference of the IEEE Industrial Electronics Society, Beijing,
China, 29 October-1 November 2017; IEEE: Piscataway, NJ, USA, 2017; pp. 6899-6904.

Zhu, L.; Cheng, X. An Improved Initial Alignment Method for Rocket Navigation Systems. ]. Navig.
2013, 66, 737-749. [CrossRef]

Chang, L.; Li, J.; Chen, S. Initial Alignment by Attitude Estimation for Strapdown Inertial Navigation Systems.
IEEE Trans. Instrum. Meas. 2015, 64, 784-794. [CrossRef]

Chang, L.; Hu, B.; Li, Y. Backtracking Integration for Fast Attitude Determination-Based Initial Alignment.
IEEE Trans. Instrum. Meas. 2015, 64, 795-803. [CrossRef]

Chang, L.; He, H.; Qin, F. In-Motion Initial Alignment for Odometer-Aided Strapdown Inertial Navigation
System Based on Attitude Estimation. IEEE Sens. J. 2016, 17, 766-773. [CrossRef]

Liu, Y,; Xu, X; Liu, X.; Yao, Y.; Wu, L.; Sun, J. A Self-Alignment Algorithm for SINS Based on Gravitational
Apparent Motion and Sensor Data Denoising. Sensors 2015, 15, 9827-9853. [CrossRef]

Xu, X.; Xu, X.; Zhang, T.; Li, Y.; Wang, Z. A Coarse Alignment Method Based on Digital Filters and
Reconstructed Observation Vectors. Sensors 2017, 17, 709. [CrossRef]

Che, Y.; Wang, Q.; Gao, W.; Yu, F. An Improved Inertial Frame Alignment Algorithm Based on Horizontal
Alignment Information for Marine SINS. Sensors 2015, 15, 25520-25545. [CrossRef]

Xu, J.; He, H; Qin, F; Chang, L. A Novel Autonomous Initial Alignment Method for Strapdown Inertial
Navigation System. IEEE Trans. Instrum. MEAS 2017, 66, 2274-2282. [CrossRef]

Huang, Y.; Zhang, Y.; Wang, X. Kalman-Filtering-Based in-Motion Coarse Alignment for Odometer-Aided
SINS. IEEE Trans. Instrum. MEEAS 2017, 66, 3364-3377. [CrossRef]

Li, S.; Gao, Y.; Liu, M. Multistage Attitude Determination Alignment for Velocity-Aided In-Motion Strapdown
Inertial Navigation System with Different Velocity Models. Sensors 2019, 19, 665. [CrossRef]

Chang, L.; Li, Y.; Xue, B. Initial Alignment for Doppler Velocity Log aided Strapdown Inertial Navigation
System with Limited Information. IEEE/ASME Trans. Mechatron. 2016, 22, 329-338. [CrossRef]

Li, Q.; Ben, Y.; Sun, F. A Novel Algorithm for Marine Strapdown Gyrocompass Based on Digital Filter.
Measurement 2013, 46, 563-571. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TIM.2012.2202989
http://dx.doi.org/10.1017/S0373463314000198
http://dx.doi.org/10.1063/1.4903196
http://dx.doi.org/10.1017/S0373463313000295
http://dx.doi.org/10.1109/TIM.2014.2355652
http://dx.doi.org/10.1109/TIM.2014.2359516
http://dx.doi.org/10.1109/JSEN.2016.2633428
http://dx.doi.org/10.3390/s150509827
http://dx.doi.org/10.3390/s17040709
http://dx.doi.org/10.3390/s151025520
http://dx.doi.org/10.1109/TIM.2017.2692311
http://dx.doi.org/10.1109/TIM.2017.2737840
http://dx.doi.org/10.3390/s19030665
http://dx.doi.org/10.1109/TMECH.2016.2616412
http://dx.doi.org/10.1016/j.measurement.2012.08.015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Problem Statement 
	The Traditional Body-Frame Velocity-Aided In-Motion Attitude Determination Alignment 
	The Ttraditional MultistageIn-Motion Attitude Determination Alignment and the Aegradation Phenomenon 

	The Improved Multistage In-Motion Attitude Determination Alignment with the Dual Velocity-Modeling 
	Experiments and Simulations 
	Conclusions 
	References

