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ABSTRACT In this paper, a fast-initial alignment method with angular rate aiding based on robust Kalman

filter is proposed. First, the traditional system model of the initial alignment is derived, and the angular

rate aiding method in the navigation frame is studied. To address the defects of the traditional angular

rate aiding alignment method, the angular rate aiding method in body frame is derived. Then, a state

augmentation method is employed to address the correlation between process noise and the measurement

noise, which exists in the angular rate aiding methods. Considering the practical application, it is hard to keep

completely still when the initial alignment is carried out on the vehicle. Therefore, a Huber’s M-estimation

has been adopted to eliminate the external interferences, and the robustness of the proposed method has

been improved. Then, an analytical method for the observability of the proposed method is studied. The

reason why the proposed method is faster than the traditional method is analyzed in detail. Finally, simulated

and field tests are designed to validate the performance of the proposed method. The results show that the

proposed method can finish the initial alignment when it is carried on the vehicle.

INDEX TERMS Strapdown inertial navigation system (SINS), initial alignment, angular rate aiding, robust

Kalman filter, state augmentation, analytical observability.

I. INTRODUCTION

Strapdown inertial navigation system (SINS) can provide the

real-time attitude, velocity and position of the vehicle with

the high output rate [1]. Take the advantage of the SINS, it has

been widely applicable in the field of the consumer, industry

and military [2]–[5]. Different with the other navigational

system, SINS can work in the self-contained state, and the

initial attitude, velocity and position is necessary to SINS.

Since the initial velocity and position of the vehicle can

be easily obtained by the aiding equipment, such as global

positioning system (GPS), Doppler velocity log (DVL), long

baseline (LBL) transceiver and so on, it is important to

acquire the initial attitude of the vehicle for SINS [6]–[8]. The

procedure of obtaining the initial attitude for SINS is called

initial alignment. And it is the critical step before the SINS

works.

The associate editor coordinating the review of this manuscript and
approving it for publication was Lubin Chang.

Generally, the initial alignment process can be divided into

two categories: one is the coarse alignment process followed

by the fine alignment process [9]–[11]; and the other is

based on the nonlinear optimal estimation method [12]–[14].

Since the instability of the nonlinear filter method for SINS,

the second category has not been widely applicable to the

practical system. Thus, many researchers are focus on the first

category.

Currently, many methods for the initial alignment pro-

cess were proposed based on the coarse alignment and the

fine alignment process. In [15], [16], an analytical coarse

alignment method was investigated, the outputs of the inertial

measurement unit (IMU) were used to calculate the initial

attitude directly. However, the analytical method cannot fin-

ish the coarse alignment in the swaying base, and it is sus-

ceptible to the external interferences. Then, the inertial-frame

coarse alignment method was proposed to address these

defects [17], [18]. Next, the optimization-based attitude
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determination method was applicable to the coarse alignment

process, the coarse alignment transformed into the continuous

attitude determination process [19], [20]. However, the coarse

alignment can only provide the initial rough attitude of the

SINS, it is limited by the bias of the inertial sensors. Thus,

the fine alignment method is often carried out after the coarse

alignment to get the more accuracy initial attitude [21]–[26].

Moreover, the fine alignment can estimate the bias of the

inertial sensors and velocity and position of the vehicle

simultaneously with the attitude estimation. In [21], [22], the

observability of the fine alignment was investigated, amethod

with the piece-wise constant system (PWCS) was used to

analyze the observability of the SINS. And then, a multi-

position alignment method was investigated to improve the

accuracy of the fine alignment method. However, the tra-

ditional fine alignment methods take a long time to obtain

the acceptable results. Thus, the backtracking methods were

studied to improve the convergence rate of the fine align-

ment methods [24]–[27]. Based on the backtrackingmethods,

the coarse alignment data was reused in the fine alignment

process, then the alignment process was prolonging to keep

the fine alignment process obtain the limit accuracy.

It is noted that although the coarse and fine alignment

is widely used in the practical system, it is hard to set

the appropriate parameters for the Kalman filter, which

is used in the fine alignment. This defect will cause the

fluctuant at the beginning of the fine alignment process.

To address this defect, the angular rate, which was the out-

puts of the gyroscope, was used to faster the convergence

rate of the fine alignment methods, and the fluctuation was

smoothed [28]–[30]. However, the traditional angular rate

aiding methods can only finish the fine alignment method

when SINS is under the completely still. If there is any exter-

nal interference, the alignment process will not get the accept-

able results. To address this defect, we proposed a fast-initial

alignment method with angular rate aiding based on robust

Kalman filter. Based on the robust Kalman filter, the external

interferences are eliminated effectively. The advantages of the

angular rate aiding method are still going on.

The remainder of this paper is organized as follows.

Section II presents the initial alignment with angular rate

aiding. The angular rate aiding model in navigational and

body frame are studied, respectively. Section III is devoted

to the implementation of robust Kalman filter for the angular

rate. In Section IV, the observability of the proposed method

is analyzed by an analytical algorithm. In Section V, the pro-

posed method and existing alignment methods are compared

through the simulation and field tests. Finally, the conclusion

is drawn in Section VI.

II. INITIAL ALIGNMENT WITH ANGULAR RATE AIDING

In this section, the initial alignment method with angular rate

aiding is derived in detail. Although the system model for

SINS is nonlinear with the unknown initial attitude, the linear

model is used in this paper, because the initial attitude can

be determined fast with the angular rate aiding. Taking the

advantage of the angular rate aiding, the large misalignment

angles can be determined with the linear error model of SINS,

this superiority is also validated by the simulation and field

tests.

A. SYSTEM MODEL FOR SINS

In this paper, the alignment process is carried out on the

static vehicle. Thus, the system model for initial alignment

is based on the Bar-Itzhack-Berman simplified linear SINS

error model for small misalignment angles [21], [22]. The

state vector used in this paper is given by

x =
[
(φn)T (δvn)T

(
εb

)T (
∇b

)T ]T
(1)

where, φn =
[
φnE φnN φnU

]T
denotes the misalignment angle

in the navigational frame. δvn =
[
δvnE δvnN δvnU

]T
denotes

velocity error in the navigational frame. εb =
[
εbx εby εbz

]T
denotes bias of the gyroscope in the body frame. ∇b =[
∇b
x ∇b

y ∇b
z

]T
denotes bias of the accelerometer in the body

frame. It is noted that the superscript n denotes the nav-

igational frame, the corresponding subscript E , N , and U

represents the east, north, and up axes in the navigational

frame respectively. Similarly, the superscript b denotes the

body frame, the corresponding subscript x, y, z and represents

the right, forward, and upward axes in the body frame respec-

tively. Then the system equation can be written as

ẋ = Fx+ Ŵw (2)

where,

F =




[
ωn
ie×

]
Rc[

f n×
]

−2
[
ωn
ie×

] −Cn
b 03×3

03×3 Cn
b

06×6 06×6


 (3)

Rc =




0 − (RM + h)−1 0

(RN + h)−1 0 0

tanL (RN + h)−1 0 0


 (4)

Ŵ =




−Cn
b 03×3

03×3 Cn
b

06×6


 (5)

And, w =
[ (

wbg

)T (
wba

)T
]T

, where wbg and wba represent

the measurement noises of the gyroscope and accelerometer.

RN and RM represent the transverse and meridian radius of

the curvature of the WGS-84 reference ellipsoid. L and h are

the local latitude and height of the carrier.

The measurement model for the initial alignment on the

static base can be given by

y = Hx+ ζ (6)

where, ς represents the measurement noise, and H is given

by

H =
[
I3×3 03×9

]
(7)
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It is noted that the measurement y is the velocity errors, which

can be given by

y = vnSINS − ṽn (8)

where, vnSINS and ṽn are, respectively, the output velocity

of SINS and the external aiding velocity. When the initial

alignment is carried out in the static base, the external aiding

velocity can be regarded as the pseudo measurement. Thus,

it is a zero vector during the whole alignment process.

The traditional system model of the initial alignment

method with state estimation is briefly reviewed in the above

statement. However, this system model is based on the small

misalignment angle, and a coarse alignment is needed to

carry out before the state estimation. Since the initial param-

eters for the state estimation is correlated with the alignment

errors of the coarse alignment method, which are unknown,

so the inappropriate initial parameters for state estimation

will decrease the performance of the initial alignment with

state estimation method, such as the fluctuation at the start

of the state estimation and the slow convergence rate of

the estimated errors. Considering the static alignment case,

the advisable method to address these defects of the tradi-

tional methods is augmenting the measurement information

with the angular rate [31]. When the alignment ends, the aid-

ing angular rate can be eliminated easily, and the states of the

system will not be influenced.

B. ANGULAR RATE MEASUREMENT

IN NAVIGATION FRAME

In this subsection, the traditional angular rate measurement

model in navigational frame is derived. It is well known that

the measurement model of the gyroscope can be modeled as:
ω̃b
ib = ωb

ib + εb + wbg (9)

with,

ωb
ib = ωb

ie + ωb
en + ωb

nb (10)

Assuming the carrier keeping completely still, then

ωb
en = ωb

nb = 03.

When the latitude of the carrier is known, the Earth angular

rate in navigational frame can be calculated accurately. Then,

the angular rate aiding model can be given by

δωn
ie = Ĉ

n
bω̃

b
ib − ωn

ie

=
(
I3×3−

[
φn×

])
Cn
b

(
ωb
ie + εb+wbg

)
−ωn

ie

=
[
ωn
ie×

]
φn+Cn

bε
b + Cn

bw
b
g−

[
φn×

]
Cn
b

(
εb+wbg

)

(11)

Ignoring the second-order small quantities, (11) can be

given by

δωn
ie =

[
ωn
ie×

]
φn+Cn

bε
b + Cn

bw
b
g (12)

In (12), the angular rate aiding model for the traditional

method is given. It is noted that the second-order small quanti-

ties are ignored. It will decrease the performance of the initial

alignment method.

C. ANGULAR RATE MEASUREMENT IN BODY FRAME

In this subsection, an angular rate model in body frame is

derived, and the derivation shows that it is more accurate than

the traditional method.

Using (9) and (10), it has

ω̃b
ib = ωb

ie + εb+wbg
= Cb

nω
n
ie + εb+wbg

= Ĉ
b

n

(
I3×3−

[
φn×

])
ωn
ie + εb+wbg

= Ĉ
b

nω
n
ie+Ĉb

n

[
ωn
ie×

]
φn + εb+wbg (13)

Then the angular rate model in the body frame can be

given by

δωb
ie = ω̃b

ib−Ĉ
b

nω
n
ie

= Ĉ
b

n

[
ωn
ie×

]
φn + εb+wbg (14)

It is noted that the derivation for (14) does not need to

ignore the small quantities. Thus, the accuracy of (14) is better

than (12).

In the previous publications, the angular rate ωb
nb is

regarded as the zero vector. However, it is hard to keep zero

vector, when alignment process is carried out in the vehicle.

Then the augmented model, which shown in (12) and (14),

become inaccurate. What’s more, the alignment results will

also be corrupted by the external interferences.

Considering the external interferences, the angular rate

model in body frame can be rewritten as

δωb
ie = Ĉ

b

n

[
ωn
ie×

]
φn + εb+ωb

nb+wbg (15)

where, ωb
nb can be regarded as the external interferences.

Inspiring by the robust state estimated principal, the output

δωb
ie can be regarded as the outliers if ωb

nb is not zero vec-

tor. Thus, different with the traditional method, the robust

Kalman filter is adopted for this application.

III. ROBUST KALMAN FILTER FOR ANGULAR RATE

In this section, a robust Kalman filter based on the Huber’s

M-Estimation for angular rate augmented initial alignment

is developed. Firstly, the Kalman filter for the initial align-

ment with the angular rate in body frame is derived. Then,

the robust processing is developed.

A. KALMAN FILTER FOR AUGMENTED

INITIAL ALIGNMENT

On the basis of the analysis above, we give the discrete fil-

tering model for the angular rate augmented initial alignment

straightforwardly
{
xk = 8k,k−1xk−1 + Gk−1wk−1

zk = Hkxk+ηk
(16)

with

8k,k−1 = I12×12 + F1ts (17)
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Gk−1 =
(
I12×12+

F1ts

2

)
Ŵ

√
1ts (18)

zk =
[ (
yk

)T (
δωb

ie,k

)T ]T
(19)

Hk =
[

03×3 I3×3 03×3 03×3

Ĉb
n

[
ωn
ie×

]
03×3 I3×3 03×3

]
(20)

ηk =
[ (

ςk
)T (

wbg,k

)T ]T
(21)

It is noted that the augmented measurement noises are

correlated with the process noises in (16). Thus, it has

E
[
wk

(
ηk

)T ]
=

[
03×3 Qg,k
03×3 03×3

]
(22)

where, Qg,k = E

[
wbg,k

(
wbg,k

)T]
.

There are three categories of methods tuning Kalman fil-

ter to address cross-correlation, i.e. de-correlating method,

consecutive double predictions and double updates, and state

augmentation [31]. In this paper, the augmentation is adopted.

Then, the filtering process is given by:

1) PREDICTION

x̂k,k−1 = 8k,k−1x̂k−1+Gk−1

[
ŵ
b
g,k−1

03

]
(23)

Pk,k−1 = 2k,k−1Pk−1,k−12
T
k,k−1+G2,k−1Qa,k−1G

T
2,k−1

(24)

where, Qa,k−1 = E

[
wba,k

(
wba,k

)T]

2k,k−1 =
[
8k,k−1 G1,k−1

]
(25)

Pk−1,k−1 =
[
Pk−1,k−1 P̂xg,k−1

P̂gx,k−1 Q̂g,k−1

]
(26)

The matricesG1,k−1 andG
T
2,k−1 are the first three columns

and the last three columns of the matrix Gk−1, and Gk−1 =[
G1,k−1 G2,k−1

]
.

2) UPDATE

Comprising the augmented state vector and the prior

covariance as

X̂k,k−1 =
[
x̂k,k−1

03

]
(27)

Pk,k−1 =
[
Pk,k−1 012×3

03×12 Qg,k−1

]
(28)

Calculating the residual

ek = zk−Hk x̂k,k−1 (29)

Calculating the covariance of the residual

Pe = HkPk,k−1H
T
k −Rk (30)

where,

Rk =
[
E

[
ςk

(
ςk

)T ]
03×3

03×3 Qg,k

]
(31)

Then, the gain matrix is given by

Kk = Pk,k−1

[
Hk

03×3

I3×3

]T
P−1
e (32)

The updated state is calculated by

X̂k,k =
[
x̂k,k

ŵ
b
g,k

]
= X̂k,k−1+Kkek (33)

Updating the covariance

Pk,k =
[
Pk,k P̂xg,k

P̂gx,k Q̂g,k

]
= Pk,k−1 − KkPeK

T
k (34)

Based on the aforementioned steps, the cross correlated

Kalman filter with the angular rate aiding method for initial

alignment is finished. However, the cross correlated Kalman

filter cannot tolerate the interferences of the angular rate ωb
nb.

Thus, it is necessary to eliminate these interferences to keep

the high accuracy of the initial alignment. One of the effective

methods is the robust Kalman filter, and the detailed analysis

is given in the next subsection.

B. ROBUST PROCESSING FOR ANGULAR RATE AIDING

In this subsection, the Huber’s M-estimation is stud-

ied, the angular rate aiding method is regarded as the

outlier-contained aiding measurements. Thus, the Huber’s

M-estimation is defined as the minimization of the following

criterion {
x̂k,k = argmin Jk (xk)

Jk (xk) = ρ
(
ξ k

) (35)

where,

ξk =
(√

Qg,k

)−1 (
z2,k − H2,kxk

)
(36)

with
{
z2,k = δωb

ie,k

H2,k =
[
Ĉb
n

[
ωn
ie×

]
03×3 I3×3 03×3

] (37)

Choosing the Huber’s score function as

ρ
(
ξ k

)
=





γ
∣∣ξ k

∣∣ − γ 2

2
ξ2k
2

(38)

where, γ is chosen to give the desired efficiency at the

Gaussian model.

Let ∂Jk (xk )
∂xk

∣∣∣
xk=x̂k,k

= 03, the weighted function can be

solved as

̟i =





γ
∣∣ξi,k

∣∣ − γ 2

2
ξ2i,k

2

, i = 1, 2, 3 (39)

51372 VOLUME 7, 2019



X. Xu et al.: Fast-Initial Alignment Method With Angular Rate Aiding Based on Robust Kalman Filter

where, ξi,k denotes the ith element of ξ k . Considering the

influence of the external disturbances, we extend the tradi-

tional weighted function as

̟
(
ξi,k

)
=





0
∣∣ξi,k

∣∣ ≥ 2γ

γ
∣∣ξi,k

∣∣ −γ 2

2
2γ>

∣∣ξi,k
∣∣ ≥ γ

ξ2i,k

2

∣∣ξi,k
∣∣ <γ

, i = 1, 2, 3

(40)

In (40), it means that when the parameter ξi,k exceeds

more than twice the desired efficiency, it can be regarded as

the useless measurement. Then the residual of the real-time

filtering process can be calculated as

e2,k = z2,k − H2,k x̂k,k−1 (41)

Define

ξ̂k =
(√

Qg,k

)−1
e2,k (42)

And the real-time weighted matrix can be given by

W

(
ξ̂k

)
=




̟
(
ξ̂1,k

)
0 0

0 ̟
(
ξ̂2,k

)
0

0 0 ̟
(
ξ̂3,k

)


 (43)

Then, the robust residual can be calculated by the real-time

weighted matrix

ê2,k = W

(
ξ̂k

)
e2,k (44)

Lastly, (33) can be rewritten as

X̂k,k = X̂k,k−1+Kk

[
e1,k
ê2,k

]
(45)

Based on the aforementioned steps, the external distur-

bances can be suppressed by the Huber’s M-estimation, and

the efficient measurements can be used to update the states.

IV. OBSERVABILITY ANALYSIS

In this section, the observability of the angular rate aiding ini-

tial alignment is analyzed by an analytical method. According

to the traditional system model (2) and (6), the relation-

ship between the states and the measurements can be given

by (46)–(54), [(51), shown at the bottom of this page]

φnE =
δv̇nN + 2ωie sinLδvnE

g
−

∇n
N

g
(46)

φnN = −
δv̇nE − 2ωie sinLδvnN + 2ωie cosLδvnU

g
+ ∇n

E

g
(47)

φnU =
δv̈nN + 3ωie sinLδv̇nE − 2 (ωie sinL)2 δvnN

−gωie cosL

+
2ω2

ie cosL sinLδvnU
−gωie cosL

+ ∇n
E tanL

g
− εnE

ωie cosL
(48)

εnE = −
δv̈nN + 2ωie sinLδv̇nE

g
+ ωie sinLφnN − ωie cosLφnU

(49)

εnN =
δv̈nN − 2ωie sinLδv̇nN + 2ωie cosLδv̇nU

g
− ωie sinLφnE

(50)

∇n
E = δv̇nE − 2ωie sinLδvnN + 2ωie cosLδvnU + gφnN (52)

∇n
N = δv̇nN + 2ωie sinLδvnE − gφnE (53)

∇n
U = δv̇nU − 2ωie cosLδvnE (54)

It can be easily found that the error φnE of pitch is coupling

with the equivalent northward bias ∇n
N of the accelerome-

ter. And, φnN is coupling with ∇n
E . φnU is coupling with the

∇n
E and εnE . These results are compounded with [21], [22].

Thus, there are three unobservable parameters ∇n
E , ∇n

N ,

and εnE . When the multiple position alignment is carried

on, the unobservable parameters become observable [23].

Although, the other nine parameters are numerical observ-

able, φnU , εnN , and εnU need long alignment time to acquire

an acceptable accuracy because they are relating to δv̈nE , δv̈
n
N ,

and δv̈nN .

Based on the angular rate aiding model (15), the relation-

ship between states and measurements can be extended as

φnU = z̃nE
ωie cosL

−
δv̇nE − 2ωie sinLδvnN + 2ωie cosLδvnU

g

× tanL + ∇n
E tanL

g
− εnE

ωie cosL
−

w̃ng,E

ωie cosL
(55)

εnE = z̃nE+ωie sinLφnN−ωie cosLφnU−w̃ng,E (56)

εnN = z̃nN−ωie sinLφnE − w̃ng,N (57)

εnU = z̃nU + ωie cosLφnE − w̃ng,U (58)

where, z̃n =
[
z̃nE z̃nN z̃nU

]T = Ĉn
b δω

b
ie and w̃ng =[

w̃ng,E w̃ng,N w̃ng,U
]T = Ĉn

bw
b
g.

Comparing (55) and (48), it can be found that the angular

rate aiding method faster the convergence rate of φnU , because

the related term δv̈nN is replaced by z̃nE . Similarly, the con-

vergence rate of the terms εnN and εnU is improved. However,

it is noted that the transformed noises of the gyroscope, which

are w̃ng,E , w̃
n
g,N and w̃ng,U , will enhance the uncertainty of the

estimation. Moreover, the angular rate aiding method will not

improve the observability of the initial alignment, because the

terms φnE , φ
n
N , and φnUare still coupling with ∇n

N , ∇n
E , and εnE ,

respectively.

Based on the advantage of the angular rate aiding method,

the error of yaw will converge rapidly, and it is not lim-

ited with the small misalignment condition. Thus, the initial

εnU =
δvnN + 3ωie sinLδv̈nE − 2 (ωie sinL)2 δv̇nN + 2ω2

ie cosL sinLδv̇nU
gωie cosL

+ ωie cosLφnE (51)
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alignment can be carried on the arbitrary misalignment angle,

and the alignment process need shorter convergence time.

V. PERFORMANCE EVALUATION

A. SIMULATED TEST

In this subsection, a simulation test is designed to validate the

performance of the proposed method. Since the engine vibra-

tion of the vehicle is hard to simulate, the main purpose of the

simulation is focus on the convergence rate and the tolerance

for large misalignment angle of the proposed method.

To evaluate the performance of the proposed method, four

methods are designed for comparison.

Scheme 1: the traditional OBA coarse alignment method

with the pseudo-measurement Kalman filter fine alignment

method [20], [22].

Scheme 2: the initial alignment with the angular rate aiding

in the navigation frame [30].

Scheme 3: the proposed method with noises-free in the

measurements of the IMU, which means the measurements

of IMU just contain the bias errors.

Scheme 4: the proposed method with the full noises in the

measurement of the IMU.

In the simulated test, a two-position alignment process is

designed. For scheme 1, the coarse alignment lasts 50s, and

the fine alignment lasts 250s. When the alignment process

lasts for 150s, the base rotates 180◦ to the other position. For
other schemes, the initial alignment lasts 300s, and when the

initial alignment process lasts for 30s, the base rotates 180◦

to the other position.

The inertial measurement unit is equippedwith a three-axis

gyroscope and accelerometer. The bias of the gyroscope is set

as 0.02◦ /h and the angular random walk is 0.005◦ /
√
h. The

bias of the accelerometer is set as 500µg, and the velocity

random walk is 50µg/
√
Hz. The sampling interval is set as

1ts = 0.005s. The location of the base is set as 32.057313◦ N
(latitude), 118.786365◦ E (longitude), and 12.34m (height).

The errors of pitch and roll are set as 1◦, and the error

of yaw is set as 40◦. The initial parameters for the proposed

method are set as:

Qg,k = diag
([

8.73e−5 8.73e−5 8.73e−5
]2)

Qa,k = diag
([

4.89e−4 4.89e−4 4.89e−4
]2)

P0,0 = diag
([
0.031 0.031 48.74 1e−4 1e−4 1e−4

2.4e−13 2.4e−13 2.4e−13

2.4e−5 2.4e−5 2.4e−5]

Rk = diag
([
1e−41e−4 1e−4

4.2e−10 4.2e−10 4.2e−10
])

The initial state of the proposed method is set as x̂0,0 =
012, γ = 1.5. Based on the initial parameters, the alignment

results are shown in Fig.1 to 5.

In Fig. 1, it is the estimated errors of the bias of the

accelerometer. By the two-position alignment process, the

bias of the accelerometer is estimated, and the estimated

FIGURE 1. The estimated errors of the bias of the accelerometer.

errors of the proposed method are less than 20µg. It is noted

that the bias can be estimated by scheme 2 and 4 when the

alignment process lasts for 30s. However, the bias estimation

of scheme 1 must be finished after the coarse alignment

method.

FIGURE 2. The estimated errors of the bias of the gyroscope.

In Fig. 2, the estimated errors of the bias of the gyro-

scope are shown. It can be found that when there are no

measurement noises in the outputs of the IMU, the bias of

the gyroscope can be estimated accurately, which is shown

as scheme 3. When there are the measurement noises in

the outputs of the IMU, the estimated results are fluctuant.

Comparing with scheme 1, it can be found that the estimated

bias of gyroscope by scheme 2 and 4 is more stable, this

is because the alignment process of scheme 2 and 4 can

converge to a stable value when it lasts for 300s. The same

results can be found in the alignment errors, which are shown

in Fig. 3 to 5.

In Fig. 3 and 4, the alignment errors of the pitch and

roll are depicted. It can be found that the alignment errors

can converge to a stable value rapidly by scheme 2 and 4.
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FIGURE 3. The estimated errors of the pitch.

FIGURE 4. The estimated errors of the roll.

FIGURE 5. The estimated errors of the yaw.

However, the alignment results are fluctuant by scheme 1

from 50s to 150s. This is because, the inappropriate initial

parameters are set in the Kalman filter, and the parameters

are regulated by the Kalman filter from 50s to 150s. In fact,

it is inevitable by scheme 1.

In Fig.5, the alignment results of scheme 2 and 4 con-

verge to the stable value. However, the alignment results of

scheme 1 are fluctuant. It is noted that the performance of

scheme 2 and 4 is equivalent. This is because the interferences

ωb
nb are not contained in the outputs of the gyroscope. How-

ever, in the vehicle test, these interferences are contained in

the outputs of the gyroscope, then the superiority of scheme

4 will be shown.

B. FIELD TEST

In this subsection, the field test is designed to validate the

performance of the proposed method, and the navigational

grade inertial measurement unit (IMU), which is equipped

with three-axis accelerometer and gyroscope, is used to finish

the initial alignment. The sampling rate of the IMU is 200Hz.

The specification of the IMU is given in Table 1.

TABLE 1. The specifications of the IMU.

The whole alignment process lasts 400s. In the first 100s,

the vehicle is stationary. Besides, the engine is shut down.

From 100s to 175s, the vehicle makes a turn about 170◦, and
the engine is running until the alignment process is finished.

The outputs of the IMU and the true attitude of the vehicle

are shown in Fig.6, 7 and 8.

FIGURE 6. The outputs of the accelerometer.

In Fig. 6 and 7, it can be found that the magnitude of

the measurement noises of the IMU are different before and

after the engine starts. If the angular rate measurement is

aided for the initial alignment process, such as the traditional

method, the accuracy of the alignment will degrade due to

the external interferences. Moreover, when the vehicle makes

a turn, the angular rate measurement cannot be used as the

aiding information because there are the interferences ωb
nb

existing. However, these interferences can be addressed by

the proposed method due to the robustness of the proposed

method. The initial parameters settings are consistent with the

simulation test.
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FIGURE 7. The outputs of the gyroscope.

FIGURE 8. The true attitude of the vehicle.

FIGURE 9. The estimated errors of the pitch.

The alignment errors are shown in Fig. 9 to 11. It is

noted that the noises of the measurements of the IMU in

the practical system cannot be eliminated, thus scheme 3 is

removed in the field test.

Since the true bias of the inertial sensors is unknown

in the practical system, we remove the bias error figures.

In Fig. 9 and 10, the alignment errors of pitch and roll

are shown. It can be found that the scheme 1 and 4 have

FIGURE 10. The estimated errors of the roll.

FIGURE 11. The estimated errors of the yaw.

the similar performance. In fact, the turning of the vehicle

for scheme 4 can be made earlier. For ease of comparison,

the turning of the vehicle is carried out after the coarse

alignment. It is noted the alignment results of scheme 2 are

failed after 100s due to the external interferences.

In Fig. 11, the yaw errors are shown. It can be clearly

found that the alignment errors of scheme 1 are fluctuant

after the coarse alignment. Moreover, the alignment errors

of scheme 1 are not converging to a stable value, which is

larger than 0.3◦ after 400s. Due to the external interferences,
the alignment results of scheme 2 are failed. However, by the

advantage of scheme 4, the alignment errors are converging

to the stable value rapidly, the alignment error is around 0.1◦

after 300s.

VI. CONCLUSION

A fast-initial alignmentmethodwith angular rate aiding based

on robust Kalman filter is proposed in this paper. Firstly,

the principal of the initial alignment with the angular rate is

studied, and the measurement models with the angular rate in

navigation frame and body frame are compared. Then, con-

sidering the external interferences, the robust Kalman filter

based on Huber’s M-estimation is studied. The observability
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analysis with an analytical method is studied. By the observ-

ability analysis, it can be validated that the convergence rate

of the proposed method is faster than the traditional method.

Finally, the simulation and field tests are designed to show the

performance of the proposed method. The alignment results

show that the proposed method is superior to the existing

methods. The proposed method can finish the alignment pro-

cess without the coarse alignment.
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