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Abstract: Transfer alignment on a moving base under a complex dynamic environment is one of the
toughest challenges in a strapdown inertial navigation system (SINS). With the aim of improving
rapidity and accuracy, velocity plus attitude matching is applied in the transfer alignment model.
Meanwhile, the error compensation model is established to calibrate and compensate the errors of
inertial sensors online. To suppress the filtering divergence during the process of transfer alignment,
this paper proposes an improved adaptive compensation Heo filtering method. The cause of filtering
divergence has been analyzed carefully and the corresponding adjustment and optimization have
been made in the proposed adaptive compensation Hoo filter. In order to balance accuracy and
robustness of the transfer alignment system, the robustness factor of the adaptive compensation Hoo
filter can be dynamically adjusted according to the complex external environment. The aerial transfer
alignment experiments illustrate that the adaptive compensation Heo filter can effectively improve
the transfer alignment accuracy and the pure inertial navigation accuracy under a complex dynamic
environment, which verifies the advantage of the proposed method.

Keywords: strapdown inertial navigation system (SINS); transfer alignment; filtering divergence;
adaptive compensation; robustness factor; complex dynamic environment

1. Introduction

Initial alignment is vital to a strapdown inertial navigation system (SINS) as its performance is
largely decided by the accuracy and rapidity of the alignment process [1-3]. Since the initial velocity
and position can be easily obtained by a reference navigation system, such as a global navigation
satellite system (GNSS), initial alignment mainly refers to determining the SINS’ initial attitude
information [4,5]. According to different alignment modes, the initial alignment methods can be
categorized into self-alignment, combination alignment, and transfer alignment. Compared with
self-alignment and combination alignment, transfer alignment is more rapid, and alignment time can
be greatly shortened [2,6,7]. Moreover, transfer alignment can achieve high alignment accuracy of
slave SINS (S-SINS) when the device accuracy of master SINS (M-SINS) is high [6,8].

Based on the above advantages, transfer alignment has been widely used in various applications,
such as aircraft and ships [1-11]. In the transfer alignment of airborne distributed position and
orientation systems (DPOS), Gong et al. [9] utilized an unscented Kalman filter (UKF) to estimate
the flexural angles and flexural lever arm variations. Moreover, to deal with structural flexibilities
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between M-SINS and S-SINS when conducting transfer alignment, an extended Kalman filter (EKF)
is often used in large vehicles [12] and flexible aircrafts [13] to estimate the motion states. With the
purpose of realizing rapid and accurate transfer alignment for an airborne weapon’s SINS, a mixed
H2/Hoo filtering algorithm was designed to deal with the observation noise, which contains both
Gaussian white noise and energy limited noise [3]. In [1], the index of alighment degree was
put forward to attempt an engineering application of transfer alignment accuracy evaluation and
identification. To overcome the lack of real-time information on dynamic flexure characteristics in
shipboard transfer alignment, a parameter estimation algorithm was proposed to utilize the angular
increment difference measured by the M-SINS and the S-SINS [8]. Cheng et al. [10] put forward a new
algorithm of “velocity plus attitude” transfer alignment based on a modified adaptive filter to solve
the problem that the performance of shipborne SINS transfer alignment is affected by the system
dynamic model and noise statistical properties. Overall, with regards to different application objects
and application environments of transfer alignment, a lot of work has been done. However, when the
environment is complex and dynamic, realizing rapid and accurate transfer alignment is still a very
challenging problem.

When the mathematical model or the priori information on the external noise is not exactly
known or is unavailable in the transfer alignment system, the Kalman filtering scheme is no longer
applicable [14-16]. In contrast, the Hoo filter does not make assumptions about the statistical
characteristics of the input signal, and it has good robustness against the model uncertainties, such as
measurement noise, external disturbance, and structural uncertainty [17-20]. The main purpose of the
Hoo filter is to design an estimator to minimize the Hoo norm of the error system in order to ensure
that the L2-induced gain from the disturbance input to the filter error output is less than a prescribed
level [14,21-23]. Hence, the Heo filter has more advantages than the Kalman filter under a complex
dynamic environment, and it is appropriate in many practical applications [14,20,24-27]. In [28],
a fuzzy adaptive nonlinear Heo filter was proposed for the unmanned aerial vehicle (UAV) localization
problem. In [15], an exponentially stable robust filter was designed to restrain the impact from
uncertain disturbances to estimation errors in the micro-electro-mechanical system-based INS/global
positioning system (GPS) integrated navigation system. In order to make full use of the delayed
information, a robust weighted Heo filter was defined for networked systems with intermittent
measurements under the discrete-time framework [29]. To improve the accuracy and robustness of
the state estimation when the noise statistics are not known a priori, Jia et al. [30] combined the Heo
filter with a sparse-grid quadrature (SGQ) filter. In [20], an adaptive Heo filtering method, which can
estimate and compensate time delay online and adaptively adjust the robust factor according to the
unknown external environment, was designed. However, there are few studies on suppressing the
divergence of the Heo filter. If there is abnormal interference that does not meet the convergence
condition of the Heo filter in practical systems, the filtering accuracy will inevitably decrease [25].
Therefore, the robust filtering methods, which can effectively suppress filtering divergence in practical
systems, are worth further study.

In this paper, the transfer alignment problem on a moving base under a complex dynamic
environment is studied. The SINS error dynamics model, velocity plus attitude matching measurement
model, and the sensor error compensation model are established for the transfer alignment. To improve
the rapidity and accuracy of transfer alignment under a complex dynamic environment, an adaptive
compensation Heo filtering method is designed. The proposed filtering method can effectively
suppress the filtering divergence in transfer alignment, and the robustness factor of the filter can
be dynamically adjusted with the change of the external environment. The aerial transfer alignment
experiments verified the effectiveness of the proposed improved method, and the alignment accuracy
is significantly improved.

The rest of this paper is organized as follows: In Section 2, the transfer alignment model—which
includes SINS error dynamics model, velocity plus attitude matching measurement model, and the
sensor error compensation model—is established. The Heo filtering method is presented in Section 3.
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In Section 4, an adaptive compensation Heo filtering method for SINS’ transfer alignment is proposed
and analyzed in detail. In Section 5, seven groups of aerial transfer alignment experiments are
conducted to verify the validity of the proposed method. Finally, the conclusions are drawn in
Section 6.

2. Transfer Alignment Model

2.1. SINS Error Dynamics Model

In this paper, “east-north-up (ENU)” is selected as the navigation frame, and “right—forward-up”
is selected as the body frame. The SINS processes the output of inertial components based on
mathematical equations to obtain the navigation data. The velocity error equation describes the
analytical relationship between the accelerometer output and the carrier’s velocity [5,6]. It can be
expressed in the navigation frame # as follows:

SV = 1 x ¢ — (20" + W) x SV — (26w! + dwlty) x V' + V" )

T - n
where V" = [ oVE SV 6V} } represents the linear velocity errors; 6V is the derivative of
T T
ovh; 1t = [ R fh } represents the specific force vector; V" = { Vi VY Vi } is the
three-axis accelerometer bias in the navigation frame; wj, is the Earth’s rotation rate; éwj, is the

derivative of w}; wy), is the angular rate of the earth frame relative to the navigation frame; and dwy), is

the derivative of wy,. w!, and wy, can be expressed by Equations (2) and (3), respectively:

T

wi, = [ 0 wijcosL wjsinL } (2)
no__ %N Ve VeptanL T 3

Wen = { "Ry Ry Ry } ®)

where Ry, is the radius of curvature in meridian, Ry is the radius of curvature in prime vertical, and L
is the latitude.
The position error equations of SINS can be expressed as follows [9]:

. VI
[ =N 4
oL = T @
. OVE %4
0N = —E sec L+ 6L—E tan LsecL 5)
Ry Ry

where 6L and JA are the latitude error and longitude error.

The attitude angle error of SINS is influenced by instruction angular velocity and gyro bias.
In addjition, gyro bias causes the growth of attitude angle error in the opposite direction. The attitude
error equation in the navigation frame n can be expressed as follows [9,10]:

¢ = ¢" x wpy + dwp, — € (6)

T
where ¢" = [ PE Y ] is the attitude angle error of the calculated platform represented in

T
the local ENU navigation frame; & = { er e e } is the three-axis gyro drift in the navigation

frame; wj, is the angular rate of the inertial frame relative to the navigation frame; and dw}; is the
derivative of w}, . Here, w}, can be obtained using the following equation:

Wy = Wie + Wep @)
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In system equations, the three-axis accelerometer bias and the three-axis gyro drift are assumed
not to change over time [4,10]. Thus,

V =0 ®)
& =0 )

The model used in Equations (8) and (9) is a model of a random constant that corresponds to
a model of an exponentially correlated process when time is endless. In the model of transfer alignment,
twelve dimensions’ states are selected to establish the equation of states. The system'’s states can be
expressed as follows:

X(t) = [5L/ 6)\/5VE15VN/ 4)E/¢NI¢U/ vJC/ vy/ s)C/‘Syl SZ]T (10)

where 6V and 6V are the east velocity error and north velocity error, respectively, in the navigation
frame; ¢r, ¢, and ¢y are the east misalignment angle, north misalignment angle, and azimuth
misalignment angle, respectively, in the navigation frame; V, and V, are the right-axis and
forward-axis accelerometer bias, respectively, in the body frame, b; and ¢y, ¢y, and ¢; are the right-axis,
forward-axis, and up-axis gyro drift, respectively, in the body frame.

The SINS’ state equation can be constructed as follows.

X(t) = F(£)X(t) + G(HW(t) (11)

where X (t) is the (n x 1) state estimate, X(t) is the (1 x 1) one step predicted state, G(t) is the system
noise matrix, and W(t) is the zero mean Gaussian white noise. F(t) is the (n x n) state transition
matrix, and it can be expressed as follows:

P = [ Fi(t) C(1) ] 12)

Os5x7  Osx5

In Equation (12), F;(t) can be represented in concrete formulas as

R =

0 0 0 R 0 0 0
*etgl st?/cﬁ 0 V% 0 ., 0 0 0
2Vnwi, cos L + ﬁ—l\]‘;’sech 0 RetgL 2wiesin L + pEtgL 0 —fu fn (13)
—(2Vgwicos L+ gt sec®L) 0 —2(wiesin L+ gEtgL) 0 fu 0 —fe
0 0 0 —ﬁ w,vfsinL-k—%tgL —(wiﬁcosL+Rv—5) 0
—wj,sinL 0 R%l 0 —wiesin L — gE1gLL 0 75—;
wjecos L+ 1‘{—; sec’ L 0 tRX—N 0 wie cos L + I\Q% 1‘% 0
C(t) can be represented in concrete formulas as
0 0 0 0 0
0 0 0 0 0
T11 le 0 0 0
CH=|Tn T O 0 0o |. (14)

In Equation (14), the SINS attitude matrix is defined as C = [Tj;],_,-
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2.2. Measurement Model

In the model of transfer alignment, velocity, and attitude differences between M-SINS and S-SINS
are chosen as the measurements. Thus, the measurement of velocity plus attitude matching can be
expressed as follows:

6V Vi - v
SV V=V
Y(t)=| 6H | =| H’—H" (15)
5P ps — pm
SR RS — R™

where Y(t) is the measurement at time f; 6V and VY are the east velocity error and north velocity
error, respectively; 0H, 6P, and R are the heading angle error, pitch angle error, and roll angle error,
respectively; V and Vs are the S-SINS’ east velocity and north velocity, respectively; V' and V' are
the M-SINS’ east Ve10C1ty and north velocity, respectively; H*, P, and R° are the S-SINS’ headmg angle,
pitch angle, and roll angle, respectively; and H", P", and R" are the M-SINS heading angle, pitch
angle, and roll angle, respectively.

The system’s measurement equation can be represented as follows:

Y(t) = H(t)X(t) + V(¢) (16)

where V(t) is the measurement noise and H(t) is the measurement matrix. Additionally,

Lyo  0O2x10
H(t) = . 17
®) O3x2  Hi(t) 0O3x7 17)

In Equation (17), Hy () can be represented in concrete formulas as

Tl +T22 T]12+T22
__Ip 12
()= | ~Am =R (18)
T21T323*T321%23 T3 3= T121T33 0
T+T5 T5+T5

2.3. Sensor Error Compensation Model

During the process of transfer alignment, the sensor device error has an important influence
on the alignment accuracy. The sensor device error determines the SINS” subsequent navigation
performance [31]. Therefore, it is necessary to calibrate and compensate the device errors of three-axis
gyros and three-axis accelerometers. The gyro drift consists of random constant drift, random slowly
varying drift, and random rapidly varying drift. It can be represented as follows:

slb- = szl’,i + sl;l- + wgi (i=xy,2z2) (19)

where sZi is the random constant drift, s’;i is the random slowly varying drift, and wgi is the random
rapidly varying drift. The value of ). depends on random factors, such as environmental conditions
and electrical parameters present when the gyro starts to work. It is a random constant after every
start of the gyro. The value of ¢/, is a slowly changing quantity, and it can be described by a first-order
Markov process. The value of wéb,i is a rapidly changing quantity, and it can be abstracted into white
Gaussian noise. In the above variables, the random constant drift, €2, is the main part of the gyro drift,
and most gyro errors come from it. Thus, if ezi can be accurately calibrated during transfer alignment,
the navigation performance of the gyro will be effectively improved. In this paper, an improved
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adaptive compensation Hoo filtering method is used to estimate the gyro’s random constant drift, and
the compensated gyro drift can be expressed as follows:

b _ b b b b P —
€ new = €pi T & + Wei — Epi_cal (l =X y,Z) (20)

where e? 1o 18 the compensated gyro drift and EZ : cq 18 the calibrated random constant drift.
The accelerometer bias consists of random constant bias and random rapidly varying bias. It can
be represented as follows:

V? = V’Zi + “’Zz‘ (i=x,y,2z2) (21)

where VZI. is the random constant bias and w?, is the random rapidly varying bias. The value of VZI.
depends on random factors, such as environmental conditions and electrical parameters when the
accelerometer starts to work. It is a random constant after every start of the accelerometer. The value
of a)gi is a rapidly changing quantity, and it can be regarded as white Gaussian noise. In both variables,
the random constant bias Vgi is the main part of the accelerometer bias. Most accelerometer errors
come from it. Here, an improved adaptive compensation Heo filtering method is used to estimate
the accelerometer’s random constant bias, and the compensated accelerometer bias can be expressed
as follows:

VY e = Vo + @b — V) (i=xy,2) (22)

i_new bi_cal

where V¥ s the compensated accelerometer bias and VZ i ca 18 the calibrated random constant bias.

3. Hoo Filtering Method

We consider the following random linear discrete-time system in Krein space [32]:
Xy = Ppp—1 X1 + Tk—1 W1 (23)

Y = Hi Xy + V4. (24)

Generally, we need to estimate some arbitrary linear combination of the states, and this can be
expressed as [32]:
Z = L X (25)

where Ly is the (n X n) matrix and Z; is the (n x 1) measurement matrix. We can use Z to expand the
observed state of Y}, and the equations below are obtained:

Xk = P p—1Xp—1 + li—1Wiq (26)
Yy H /

= X V.. 27

Z L rt+ Vi (27)

In the above equations, Wy and V] are noise with bounded energy, and their statistical properties
do not need to be known or assumed. Xy, Wy, and V] satisfy the following relationships:

Xo Xo P 0 0
< W{ ;1 Wi > = 0 I (5jk 0 . (28)
/
Vj Vi 0 0 kaéjk

Here,

Ru |y oy | 2
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In Equation (28), Jj is the Kronecker function, i.e., §jx = { (1) Ellz f ; ; . ¢ is the robustness factor
of the Hoo filter.
Additionally,
Zk = Fs(Yo, Y1, , ). (30)

This means that, for the estimation of Z; in the condition of the given observation value Y}, the
filtering error can be defined as follows:

e — Zk — Lka. (31)

Ty(Fy) is defined as the transfer function from the unknown disturbance {(Xo — Xo), Wy, Vk} to
the filtering error {e;}, and the suboptimal Heo filter problem can be described as follows:

Definition 1 (suboptimal Hoo filter problem). When given a positive number ¢ > 0, find the suboptimal Hoo
estimation to satisfy | | Ty(Fp) || o <, that is [3,33]

2
iFfHTk(Ff)Hi =inf su leellz <& (32)
f

P -} =
7 XoWehy, Veh || Xo — Kol[pt + Wil + Vi3

In the above equation, Py is a positive definite matrix. Symbol “inf” is the infimum of function, and symbol
“sup” is the supremum of function.

Theorem 1 (suboptimal Hoo filter problem). When given a positive number ¢ > 0, if (Prr—1 Ixr—_1)is
full rank, then the condition that there is a filter satisfying | | Ty(Fp) | | « < ¢ is if and only if [23]

P+ HIHy— ¢ °LILy >0 (33)

In the above equation, Py satisfies the recurrence Riccati equation

L[ H
P = By 1 Pea Pl q + Tepa Ty —qbk,k,lpk,l[ HT LT }RE,,}[ L]’: ]Pkl@,{ . (3%
In Equation (34),
[r o H, o
Ry = [ o 1 |t L ]Pk_l[ HT L] } (35)

Derived from this, the recursive equations of the Hoo filter can be expressed as follows [20]:

X1k = P Xk (36)
T T -1
Ksjo1 = PeH] (1 + HyPH] ) (37)
Yir1 = (I — Kg g1 Hy) Px (38)
T 2 T -1
Uipr = Yt Lf (81 + LY L] L (39)
Peit = D1 kPe®f 1k — P k[(I — Ups1)Ks o1 Hicr1 + U1 | Pe®@f o+ Tl (40)
-1
Kisr = PerHy (Hisa P HE o +1) (41)

X1 = X1k + Kier1 (Yerr — Herr X x)- (42)
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4. The Proposed Adaptive Compensation Hoo Filtering Method

In the robust Heo filtering method, Equation (33) may not be satisfied completely due to the
system itself or the uncertainty of the model. This inevitably leads to no convergence or a slow
convergence rate of the filter, and the requirement of system performance is unable to be met [25].
To solve the problem and improve the estimation accuracy of filtering under a complex dynamic
environment, this paper proposes an adaptive compensation Heo filtering method. The block diagram
of the proposed adaptive compensation Heo filtering method is shown in Figure 1. The adaptive
filtering process mainly consists of adaptively compensating the mean square error Py and adaptively
adjusting the value of robust factor ¢.

g ~
! A\
_:—’{ G, :"Df“g(ﬂ1 +H{H, -& IL;L/;)‘
Initialize filtering i’z =G +ELL -H H)'
parameters =

|

|

|

|

|

|

: |

. Adaptively compensate C 57215 |
The interference of —— the mean square B 2k :
|

|

|

|

|

!

|
|
|
|
|
|
|
i rror P,
external environment —— : error Py I
- I
|
|
|
\

o -1l

I z_ K

-

y
Input the data of gyros and
accelerometers

M by f?-,;a ’

ﬁ ————————————————————— -~
e N

The mean square error
P update

The liliering gain K value ol robust
update factor &

[
|
|
|
|
v | Adaptively adjust the
|
|
|
|
|

-

|
|
|
|
|
|
|
|
|
|
|
|
|
!

|
Qulput stal . R _ Y
cstimation value %—J £= 1+ [A, (LL (B +H H) )"
N

AL T |

Figure 1. Block diagram of the proposed adaptive compensation Heo filtering method.

Firstly, the composition of Equation (33) needs to be analyzed. Equation (33) can be rewritten
as follows:
P+ HIH — 2Ll L > 0. (43)

The left side of Equation (43) consists of three parts: the first part (P, 1), the second part (HkT Hy),
and the third part (¢ ’ZLEL;{). In P~ ! because Py can update by Equation (40) and the initial Py is
a given positive definite matrix that meets the requirement of Equation (43), P, !is a matrix that can
be adjusted. In HkT Hy, because Hy comes from the observation of Equation (24), it is a matrix that
cannot be adjusted when the system model has been determined. Since the symbol is negative in
& 2L] Ly, this part is the most common reason why the requirement of Equation (43) cannot be met.
The Ly in ¢ _ZLE Ly comes from Equation (25), and it is a predetermined matrix that cannot be adjusted.
However, the robustness factor, ¢, is a parameter that can be adjusted dynamically, so the value of ¢
can increase to reduce the influence of the third part, ¢ ’ZL[Lk. However, the value of ¢ cannot increase
unboundedly in practical engineering applications. If the value of § becomes too big, the fluctuation
range of the filtering error curve will increase. Therefore, the system state estimation will be affected.
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Through the above analysis, the only way to remedy this is to adjust Py dynamically to meet the
convergence condition of Equation (43).

In this paper, an adaptive compensation Hoo filtering method is proposed to keep the left side
of Equation (43) positive. Firstly, the positive definiteness of P, Ty HkT Hy — ¢ 2L} Ly is judged.
If P~ 1y HkT Hy—¢ ’szTLk is not positive, then the absolute value of the diagonal elements of the
matrix P Ty HkT Hy—¢ _2L£Lk is retained, and the rest of the elements are all set to zero. The modified
matrix Gy can be expressed as follows:

Gy = |Diag(P ' + HI Hy — ¢ 2L} Ly) (44)

//ll

where the symbol
Additionally,

“denotes taking the absolute value of the element.

P i+ HfHy— & °L{ Ly = Gy (45)
where pz_k is a positive matrix that meets the requirement of Equation (43). Using the transformation
of Equation (45), pz_k can be expressed as follows:

A _ —1
P, k= (G + & 2L{Ly — H Hy) . (46)

In order to further keep the left side of Equation (43) positive, the recursive matrix 15Z i needs to
be compensated. The compensated recursive matrix P, , can be written as follows:

ﬁcpn?k =0- szfk + psz (47)

where an_k is the mean square error matrix that has been compensated; ¢ is the gain coefficient that
can be determined according to the practical system; and Cp  is an adaptive compensation matrix.
In order to make full use of the robustness factor the concrete form of the adaptive compensation
matrix Cp can be written as follows.

Cp,, = ¢ Pk (48)

In Equation (48), the robustness factor controls the degree of compensation. When the value of
the robustness factor is small, it indicates that the nonpositive definite situation on the left side of
Equation (43) caused by ¢ ’ZLIILk is obvious, and the PZ « should be compensated largely. When the
value of the robustness factor is big, it indicates that the nonpositive definite situation on the left
side of Equation (43) caused by {;”ZL[L;( is not obvious, and the 13Z i should not have to make too
much compensation. B

Based on Equations (44)—(48), the modified mean square error matrix Izpn_k can be obtained,
and it is substituted into the adaptive compensation Heo filter to estimate the variables of the system
state equation.

In the adaptive compensation Heo filtering method, the robustness factor plays an important role
in filtering accuracy and robustness [20]. When the value of the robustness factor is too small, it means
that the system has good robustness, but the filtering accuracy of the system becomes low. When the
value of the robustness factor is too big, it means that the system has bad stability and even leads
to divergence. In practical engineering applications, the value of the robustness factor needs to be
debugged repeatedly before applying a suitable value to use, and the value of the robustness factor
is often empirically determined. This will waste a lot of time, and the value of ¢ is not guaranteed
to be optimal. Moreover, as the robustness factor is fixed during the process of transfer alignment,
the filtering estimation error will increase when there are large disturbances at certain times. Therefore,
it cannot achieve the optimal balance between filtering accuracy and robustness when the external
environment changes dynamically. To solve this problem, an adaptive optimization method of the
robustness factor is proposed to improve the performance of the adaptive compensation Heo filter.
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In the process of transfer alignment, the filter innovation (A) can reflect the degree of convergence
and divergence of the filter. A can be calculated as follows:

A =Y — He X g1 (49)

From Equation (49), the prediction error can be described by the innovation sequence’s variance,
E [A{Ak}. Under ideal conditions, the filter innovation Ay is a zero mean Gaussian white noise
sequence. However, in real systems, both the changes of the system model and the anomaly of
observed states can cause a change in the statistical properties of the innovation sequence. When the
value of AT A is too big, it indicates that there is a large disturbance in the transfer alignment system,
and the filter has the possibility of undergoing divergence. Hence, the robustness of the adaptive
compensation Heo filter is of great importance at this point, and the value of the robustness factor
should be reduced to compensate the large error that is caused by AT A;. When the value of AT Ay is
too small, it indicates that there is little disturbance in the transfer alignment system, so the value of
the robustness factor should be increased to improve the filtering accuracy. In the whole process of
transfer alignment, the robustness factor of the adaptive compensation Heo filter varies inversely to
AL A

Theorem 2. Assume that M and N are two n-order Hermite matrices, M > 0, and N > 0. Then, M > N is equal
t0 Amax (NM’l) < 1[20]. Here, Ayax(M) represents the maximum eigenvalue of matrix M.

According to Theorem 2, the conditional Equation (33) of the Hoo filter can be transformed into
the following form:

_ -1
& > Amax(L{ L (P ' + H Hy) ). (50)

Additionally, the value of the robustness factor can be expressed as follows:

-1 1/2

E=(149) [Amax(L{Le(P. '+ HIHy) )] (51)

In Equation (51), the coefficient ¢ > 0. As the value of the robustness factor is inversely proportional
to AEAk/ we can make ¢ and AZAk satisfy the following relationship:

9= £ (52)
N

where  is correlation coefficient and ¢ > 0. The value of { can be determined by the experiment of the
real system. N is the dimension of the filtering states. For a specific real system, once the values of {
and N are determined, respectively, they will not change any more. Therefore, the value of coefficient ¢
is only related to filter innovation during the process of transfer alignment. When filter innovation (Ay)
increases, the value of coefficient ¢ decreases, so the robustness factor of the adaptive compensation
Hoo filter will be decreased to improve the robustness of the transfer alignment system. On the contrary,
when filter innovation A, decreases, the value of coefficient ¢ increases. Then, the robustness factor
of the adaptive compensation Heo filter will be increased to improve the estimation accuracy of the
transfer alignment system. Consequently, the relationship between the robustness factor of adaptive
compensation Heo filter and AzAk can be established, and the value of the robustness factor will
change dynamically when Ay changes.

By comparing the adaptive compensation Heo filter and the Heo filter, it can be seen that the
robustness factor of the adaptive compensation Heo filter is dynamically adjusted according to the
value of Ay. Unlike the Heo filter, the adaptive compensation Heo filter can adjust the robustness factor
adaptively when the real system environment changes. Therefore, the filtering estimation accuracy
and robustness of the transfer alignment system can be balanced dynamically by using the proposed
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adaptive compensation Heo filtering method. The flow chart of the proposed adaptive compensation
Heo filtering method is shown in Figure 2.

{ Start i
pk N /
T

‘ Initialize filtering paramcters ‘

h 4 h 4
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Determine compensated recursive
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Figure 2. Flow chart of the proposed adaptive compensation Hoo filtering method.

5. Experimental Results and Discussion

5.1. Experimental Settings

With the purpose of verifying the proposed new adaptive compensation Hoo filtering method,
an aerial transfer alignment experiment in a real system was conducted. The aerial transfer alignment
experiment was conducted for the airborne distributed position and orientation system (POS),
which depends on transfer alignment to obtain high accuracy motion parameters of S-SINSs by
using accurate motion information of M-SINS, including position, velocity and attitude. Furthermore,
the aerial transfer alignment experiment was conducted in the Y-7 transport aircraft. The real aerial
transfer alignment experiment was carried out in Nanjing in an open area. The specific location
information of this experiment was 32° N and 119° E. The transfer alignment system contained
the M-SINS, S-SINS, and navigation computer, which were connected by communication lines.
The positions of both M-SINS and S-SINS were kept strictly fixed in the experimental aircraft. The
update frequencies for M-SINS and S-SINS were all 200 Hz. The strapdown algorithm update cycle was
5 ms. The three-axis gyro random constant drifts of M-SINS were 0.02° /h. The three-axis accelerometer
random constant biases of M-SINS were 0.05 mg. The three-axis gyro random constant drifts of S-SINS
were 1.2° /h. The three-axis accelerometer random constant biases of S-SINS were 0.1 mg. The reference
baseline information was provided by M-SINS during the process of aerial transfer alignment, and the
sensor parameters of M-SINS were far better than those of S-SINS. The flow chart of the aerial transfer
alignment experiment based on the proposed adaptive compensation Heo filtering method is presented
in Figure 3.
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Figure 3. Flow chart of aerial transfer alignment based on the adaptive compensation. Heo filtering

method. S-SINS is slave SINS (strapdown inertial navigation system).

Firstly, the system took 234 s to conduct the aerial transfer alignment on a moving base. Then the
S-SINS of the aerial transfer alignment system began with 600 s of pure inertial navigation. Throughout
the whole process, the navigation computer recorded the output data of M-SINS and S-SINS, which
were transmitted through the communication lines in real time. The movement trajectory of the aerial
transfer alignment experiment is shown in Figure 4. For the period of aerial transfer alignment and
pure inertial navigation, the M-SINS’ attitude curves of heading, pitch, and roll are shown in Figure 5.
The M-SINS’ heading fluctuated between 200° and —200° after 740 s, and the M-SINS’ attitudes had

large fluctuations during the whole process.
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Figure 4. The trajectory of the aerial transfer alignment experiment.

200

Heading (°)

0 100 200 300 400 500 600 700 800 900
Time (s)

Figure 5. The attitude curves of master SINS (M-SINS).

The M-SINS’ curves of east velocity and north velocity are shown in Figure 6. Before 700 s,
the east velocity was approximately —50 m/s, then the velocity increased to 50 m/s. The north velocity
fluctuated between 50 m/s and —50 m/s before 700 s, then the velocity decreased to —50 m/s. It can
be seen that the aircraft had a high-flying speed throughout the whole transfer alignment experiment.
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Figure 6. The east velocity and north velocity of M-SINS.
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5.2. Experimental Results and Discussion

In the proposed adaptive compensation Heo filtering method, the robustness factor was adjusted
dynamically according to the change in the external environment. If the system had large external
disturbances during the transfer alignment process, the value of the robustness factor decreased to
improve the robustness of the system. If the system had small external disturbances when conducting
transfer alignment, the value of the robustness factor increased to improve the estimation accuracy of
the system states. Figure 7 shows the value of the robustness factor in the adaptive compensation Heo
filtering method during the aerial transfer alignment experiment.

90 T T T T T T T T T

80 1

value of ¢

0 25 50 75 100 125 150 175 200 225
Time (s)

Figure 7. The value of the robustness factor in the adaptive. compensation Heo filter.

In order to compare the performance of different filtering methods, the Kalman filter, the Hoo
filter, and the adaptive compensation Hoo filter were used during the process of the aerial transfer
alignment experiment. The robust factor ¢ of the Heo filter was set as 1.89, which is the optimal robust
factor of Heo filter in this aerial transfer alignment experiment. The estimation curves of the east
misalignment angle, north misalignment angle, and azimuth misalignment angle using the mentioned
filtering methods are presented in Figures 8-10.

0.3 T
Kalman Filter-CP
0.25 Hoo Filter-CP ]
——— A-C Hox Filter-CP
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T 0.05
&
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Figure 8. The estimation curves of the east misalignment angle. A-C denotes “adaptive compensation”;
CP denotes “compensate gyro’s drift and accelerometer’s bias”.

In the figures, the blue lines represent the estimation curves of the Kalman filter, the cyan lines
represent the estimation curves of the Heo filter, and the red lines represent the estimation curves of the
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adaptive compensation Heo filter. As shown in Figure 8, the estimation curves of the east misalignment
angle (¢r) were approximately 0.05°. By using the Kalman filter method, the estimation curve of ¢r
increased slowly, and it reached approximately 0.1° after 225 s. When using the Heo filter method,
the estimation curve of ¢r decreased slowly. It reached approximately 0.025° after 225 s. In contrast,
when using the adaptive compensation Heo filtering method, the estimation curve of ¢f stabilized
around 0.05°, and the estimation curve converged and tended to be stable rapidly. Furthermore, the
estimation curve is more stable than those using the Kalman filtering method and the Heo filtering
method. This can be used as an important reference standard to measure whether the accuracy is good
or not when conducting the aerial transfer alignment experiment. Therefore, it can be verified that the
estimated value was more accurate than those found using the other two methods.

It can be seen from Figure 9 that, when using the Kalman filtering method, the estimation curve
of the north misalignment angle (¢n) was approximately —0.1° after 150 s. However, after that, the
estimation value began to decrease rapidly, and it was approximately —0.12° after 234 s. When using
the Hoo filtering method, the estimation curve of ¢y was near —0.1° after 150 s, and the estimation
value decreased more slowly than when the Kalman filtering method was used. In contrast, by using
the adaptive compensation Heo filtering method, the estimation curve of ¢ reached —0.1° after 100
s, and it maintained a stable state. It can be seen that the estimation value by using the adaptive
compensation Heo filtering method was more stable compared with that of the Kalman filtering
method and the Heo filtering method, and it was more beneficial to improving the accuracy of S-SINS’
transfer alignment.

0 T

Kalman Filter-CP
Hoo Filter-CP
A-C Hoo Filter-CP
-0.05 .

-0.1

(I)N (°)

-0.15

=021

- 025 1 1 1 1 1
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Figure 9. The estimation curves of the north misalignment angle.

In Figure 10, the estimation curves of the azimuth misalignment angle (¢;) found using the three
methods are presented. The estimation curve of ¢; by using the Kalman filter was approximately
—0.55° after 70 s. However, the estimation value began to decrease rapidly after 125 s, and the
estimation curve had large fluctuations. When using the Heo filtering method, the estimation curve
of ¢y began to decrease after 150 s. However, the fluctuations of the estimation curve using the Heo
filtering method were smaller than those using the Kalman filtering method. When using the adaptive
compensation Heo filtering method, the estimation curve of ¢;; was approximately —0.55° after 70 s.
The estimation value became stable. The fluctuations of the estimation curve using the adaptive
compensation Heo filtering method were the smallest amongst those of the three methods. Therefore,
these can verify the superiority of the adaptive compensation Heo filtering method.
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Figure 10. The estimation curves of the azimuth misalignment angle.

During the aerial transfer alignment experiment, the gyro’s random constant drift and the
accelerometer’s random constant bias could be calibrated online by using the adaptive compensation
Heo filtering method. The gyro drift and the accelerometer bias were compensated effectively when
the transfer alignment was completed. Figure 11 shows the estimation curves of the three-axis gyros’
random constant drift during the aerial transfer alignment experiment. The estimation curve of the
x-axis gyros’ random constant drift gradually converged during the process of transfer alignment,
and the estimation value stabilized at approximately 1.5° /h after 175 s. The estimation curve of the
y-axis gyros” random constant drift had small fluctuations, and the estimation value stabilized at
approximately 1.2°/h after 175 s. The estimation curve of the z-axis gyros’ random constant drift
had some fluctuations, and, after 190 s, the estimation value gradually stabilized at approximately
—0.1°/h.

e (°/h)

x

0 50 100 150 200 250 300

e (°/h)

0 50 100 150 200 250 300

e, (°Ih)

-02 I I I L I
0 50 100 150 200 250 300

Time (s)
Figure 11. The estimation curves of the gyros” random constant drift during the aerial transfer

alignment experiment.

Figure 12 shows the estimation curves of the x-axis and y-axis accelerometers’ random constant
bias by using the adaptive compensation Heo filtering method in the aerial transfer alignment
experiment. It can be seen that the estimation curve of the x-axis accelerometer’s random constant
bias gradually converged, and the estimation value stabilized at approximately 0.12 mg after 200 s.
The estimation curve of the y-axis accelerometer’s random constant bias had small fluctuations and the
estimation value was approximately 0.06 mg after 200 s. Therefore, the x-axis and y-axis accelerometers’
random constant bias could be calibrated effectively during the process of transfer alignment.
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Figure 12. The estimation curves of the accelerometer’s random constant bias during the aerial transfer
alignment experiment.

In order to further verify the transfer alignment accuracy of the Kalman filtering method, the Hoo
filtering method, and the proposed adaptive compensation Heo filtering method, a pure inertial
navigation experiment was conducted after the aerial transfer alignment. Since the pure inertial
navigation experiment was conducted immediately after the aerial transfer alignment was completed,
the pure inertial navigation accuracy had a positive correlation with the transfer alignment accuracy.
The pure inertial navigation experiment lasted 10 min, and the curves of the east velocity error,
north velocity error, and velocity error in the pure inertial navigation are presented in Figures 13-15,

respectively. The east velocity error, north velocity error, and velocity error after 10 minutes’ pure
inertial navigation are listed in Table 1.
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Figure 13. The curves of east velocity error in pure inertial navigation.
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Figure 14. The curves of north velocity error in pure inertial navigation.
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Figure 15. The curves of velocity error in pure inertial navigation.

Table 1. The velocity errors (m/s) after 10 minutes’ pure inertial navigation.

Method East Velocity Error North Velocity Error Velocity Error
Kalman Filter-CP —-2.17 2.58 3.38
Hoeo Filter-CP —1.11 1.93 2.26
A-C Heo Filter-CP —0.24 1.46 1.51

Since the aerial transfer alignment experiment was conducted in a real system with a complex
dynamic environment, the curves of east velocity error, north velocity error, and velocity error all have
some irregular fluctuation phenomenon. It can be seen from Figure 13 and Table 1 that after 10 minutes’
pure inertial navigation, the east velocity error found using the Kalman filter was —2.17 m/s, the east
velocity error found using Heo filter was —1.11 m/s, and the east velocity error found using the
adaptive compensation Hoo filter was —0.24 m/s. Therefore, the east velocity error found using the
adaptive compensation Heo filter was smaller than those found from using the other two methods.
From Figure 14 and Table 1, the north velocity error found using the Kalman filter was 2.58 m/s,
the north velocity error found using the Heo filter was 1.93 m/s, and the north velocity error found
using the adaptive compensation Heo filter was 1.46 m/s. The north velocity error found using the
adaptive compensation Heo filter was reduced by 43.41% and 24.35%, respectively, compared to the
values found by using the Kalman filter and the Hoo filter. From Figure 15 and Table 1, after 10
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minutes of pure inertial navigation, the velocity error found using the Kalman filter was 3.38 m/s, the
velocity error found using the Hoo filter was 2.26 m/s, and the velocity error found using the adaptive
compensation Heo filter was 1.51 m/s. The velocity error found by using the adaptive compensation
Hoo filter was reduced by 55.33% and 33.19%, respectively, compared to the values found by using the
Kalman filter and the Hoo filter. Based on the pure inertial navigation experiment, the curves of the east
position error, north position error, and position error are presented in Figures 16-18, respectively. The
east position error, north position error, and position error after 10 minutes’ pure inertial navigation

are listed in Table 2.
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Figure 16. The curves of east position error in pure inertial navigation.
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Figure 18. The curves of position error in pure inertial navigation.

Table 2. The position errors (m) after 10 minutes’ pure inertial navigation.

Method East Position Error North Position Error Position Error
Kalman Filter-CP 673.12 531.41 857.62
Hoo Filter-CP 433.85 362.93 565.38
A-C Hoo Filter-CP 226.07 231.56 323.69

It can be seen from Figure 16 and Table 2 that after 10 min of pure inertial navigation, the east
position error found using the Kalman filter was 673.12 m, the east position error found using the Hoo
filter was 433.85 m, and the east position error found using the adaptive compensation Hoo filter was
226.07 m. Thus, the east position error found using the adaptive compensation Heo filter was reduced
dramatically compared with those found using the other two methods. From Figure 17 and Table 2,
the north position error found using the Kalman filter was 531.41 m, the north position error found
using the Heo filter was 362.93 m, and the north position error found using the adaptive compensation
Hoo filter was 231.56 m. The north position error found using the adaptive compensation Heo filter
was reduced by 56.43% and 36.20%, respectively, compared to the values found by using the Kalman
filter and the Hoo filter. It is indicated from Figure 18 and Table 2 that after 10 minutes of pure inertial
navigation, the position error found using Kalman filter was 857.62 m, the position error found using
the Heo filter was 565.38 m, and the position error found using the adaptive compensation Heo filter
was 323.69 m. As a result, the position error found using the adaptive compensation Heo filter was
reduced by 62.26% and 42.75%, respectively, compared to the values found using the Kalman filter
and the Hoo filter. Since the pure inertial navigation accuracy has a positive correlation with the
aerial transfer alignment accuracy, the smaller the position error is, the higher the transfer alignment
accuracy is. In consequence, it can be verified that the aerial transfer alignment accuracy of the adaptive
compensation Heo filter is the highest among the three methods.

In order to further compare the above three filtering methods when conducting transfer alignment,
a total of seven groups of aerial transfer alignment experiments were designed. The moving trajectories
in the seven groups of aerial transfer experiments were different from each other and the trajectories
of the aircraft were random in the whole process of experiments. The changes of flying speed and
heading, pitch, and roll of M-SINS in the seven groups of aerial experiments were also different from
each other. After 234 s of transfer alignment, the S-SINS started 10 min of pure inertial navigation in all
groups of aerial experiments. The histograms of position errors after 10 min of pure inertial navigation
in seven groups of aerial experiment are shown in Figure 19. The position errors in the seven groups
of aerial experiments are listed in Table 3.
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Figure 19. The histograms of position errors in seven groups of aerial experiment.

Table 3. The position errors (m) in seven groups of aerial experiment.

Method Groupl Group2 Group3 Group4 Group5 Group6  Group?7
Kalman Filter-CP 857.62 798.60 1084.35 509.24 1413.57 917.93 716.32
Hoo Filter-CP 565.38 419.71 792.53 311.57 1005.36 549.29 492.64
A-C Heo Filter-CP 323.69 210.35 382.31 143.69 416.38 277.64 217.56

From Figure 19 and Table 3, the position errors by using the Kalman filter, the Hoo filter, and the
adaptive compensation Heo filter are compared to each other. It can be seen that the position errors by
using the Kalman filter were the largest in the seven groups of aerial experiments. Furthermore, all the
position errors by using the Hoo filter were smaller than the position errors by using the Kalman filter,
but they were larger than the position errors by using the adaptive compensation Heo filter. In other
words, all the position errors by using the adaptive compensation Hoo filter were the smallest in the
seven groups of aerial experiments. Therefore, it can be indicated that the transfer alignment accuracy
by using the adaptive compensation Heo filter was higher than the other two methods, which fully
demonstrated the advantages of the proposed method.

6. Conclusions

In this paper, an adaptive compensation Heo filtering method for transfer alignment under
a complex dynamic environment was presented. A transfer alignment model containing the SINS
error dynamics model and the velocity plus attitude matching measurement model was constructed.
With the purpose of improving the accuracy of inertial sensors, error compensation models, which
can calibrate and compensate gyros’ random constant drift and accelerometer’s random constant bias
online, were established. In order to effectively suppress the filtering divergence when conducting
transfer alignment, the cause of filtering divergence was analyzed in detail and the mean square error
matrix was dynamically modified and optimized to satisfy the convergence condition in the adaptive
compensation Heo filter. Furthermore, to improve the accuracy of the transfer alignment system,
the robustness factor of adaptive compensation Heo filter was dynamically adjusted with the change
of the complex external environment.

In order to verify the effectiveness of the adaptive compensation Heo filtering method when
conducting transfer alignment, a total of seven groups of aerial transfer alignment experiments were
performed. It can be seen from the experimental results that when using the adaptive compensation
Heo filtering method, the estimation values of ¢, ¢n, ¢y were more stable than those using the Kalman
filtering method and the Hoo filtering method, and the estimation curves converged and tended to
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stablize rapidly. This is an important reference standard to verify that the estimated value by using
the adaptive compensation Heo filtering method was more accurate than those found using the other
two methods. In order to further compare the transfer alignment accuracy by using the three methods,
pure inertial navigation experiments were conducted after each aerial transfer alignment experiment.
The results show that all the position errors by using the adaptive compensation Heo filter were the
smallest in the seven groups of aerial transfer alignment experiments, which verifies that the transfer
alignment accuracy of the adaptive compensation Hoo filter was the highest among the three methods.
It verifies the superiority of the proposed method. This research provides a new idea for SINS’ transfer
alignment under a complex dynamic environment. Further research will focus on the implementation
of the practical application in airborne distributed POS to validate the performance of this method.
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