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ABSTRACT In-motion alignment of navigation-grade strapdown inertial navigation system (SINS) com-
bined with odometer (OD) is one of the challenging issues for the land vehicle navigation, while most
current in-motion alignment methods still rely on the measurements of the global positioning system or
only aim at improving the attitude alignment, thus neglecting the position alignment. Thus, one of the main
obstacles during the in-motion alignment for SINS/OD is to autonomously and simultaneously obtain the
high-precision attitude and position within specified time. In this paper, an in-motion alignment scheme
based on the backtracking scheme is presented to solve this problem. The proposed method consists of two
steps. First, an improved optimization-based coarse alignment (IOBCA) is employed to obtain the attitude
and position with reasonable precision, and the gravity deflexion error projection in inertial frame caused
by the positioning error is diminished, which contributes to better alignment results for the subsequent
process. Second, initialized with the alignment results provided by IOBCA, a backtracking-scheme-based
fine alignment combined with the Kalman filter is investigated to make a further improvement in the
precision of attitude and position, during which the known initial binding position and zero velocity have
been utilized again. The car-mounted field experimental results illustrate that the proposed method can not
only autonomously improve the precision of attitude within a short time but also simultaneously achieve the
position with high precision.

INDEX TERMS In-motion alignment, strapdown inertial navigation system (SINS), odometer (OD),

backtracking.

I. INTRODUCTION

Strapdown inertial navigation system (SINS) is one of the
most widely used navigation systems for positioning and
attitude determination [1]. Initial alignment that determines
the initial conditions prior to navigational computation is
vitally important for dead-reckoning-based SINS. Due to the
fact that an increasing number of land vehicles are required to
complete the initial alignment in maneuvering environments,
in-motion alignment has become a concern issue. Generally,
external navigation sensors such as Global Positioning Sys-
tem (GPS) and odometer (OD), etc, are designed to pro-
vide auxiliary information for the in-motion alignment of
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SINS [2]-[5]. Whereas the signal of GPS is susceptible to
interference and not available in jamming and masking envi-
ronments especially in urban areas [6]. In contrast, OD can
transform the impulses at equal angle intervals into velocity
or mileage increment by multiplying the OD scale factor.
Moreover, both OD and SINS have fully self-contained char-
acteristics. Thus, OD aided SINS (SINS/OD) is expected
to resist interference from surrounding environment to a
great extent. In this respect, autonomous in-motion alignment
designed for SINS/OD has drawn wide attention.

Normally, the initial alignment is divided into two phases,
i.e., coarse alignment and fine alignment. With the roughly
known initial attitude provided by coarse alignment, fine
alignment can be executed under the guarantee of lin-
ear filtering model [7], [8]. Typically, utilizing the gravity
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observations in inertial reference frame is an effective
approach to coarse alignment [9]-[14]. In [9] and [10],
the TRIAD (TRIaxial Attitude Determination) algorithm
which employed only three out of the four pieces of infor-
mation obtainable from two measured vectors to compute
an attitude solution is developed. To make sufficient uti-
lization of the observations, Wu et al. [11] transformed
the coarse initial alignment into an attitude determination
problem using infinite vector observations over a continuous
time interval, which was recognized as optimization-based
coarse alignment (OBCA) method, and the recursive Dav-
enport’s g-method was developed to solve the attitude deter-
mination problem [15]. With respect to the application
for external velocity aided SINS in GPS-denied scenarios,
Yuan et al. [12] presented a novel OBCA method using the
velocity loci and pressure sensor for autonomous underwa-
ter vehicles (AUV). Since the severe disturbance cannot be
handled adequately by the OBCA method, Chang et al. [13]
designed a low-pass finite impulse response digital filter to
attenuate the severe disturbance inherent in the OD. In order
to better compensate for the dynamic errors of gyroscope
induced by severe maneuvering, Huang et al. [14] proposed
a novel Kalman-filtering-based in-motion coarse alignment
on the basis of a closed-loop approach. However, the pri-
mary concern of aforementioned discussions were to enhance
the performance of attitude alignment. It is worth mention-
ing that position precision and speediness are also vitally
important evaluation indicators during in-motion alignment.
An UnScented QUaternion Estimator (USQUE)-based fine
alignment method from the very start utilizing the large mis-
alignment provided by OBCA method was developed in [16],
the scheme can obtain the attitude and position simultane-
ously for marine application. Whereas due to the limited time
determined by aforementioned scheme and marine appli-
cation, the velocity measurement parameters had not been
considered. Yan et al. [17] presented a in-motion attitude
and position alignment algorithm based on inertial reference
frame to diminish the gravity deflexion error for SINS/OD.
On the basis of [17], Guo et al. [18] further excluded the
negative effect of Coriolis item and utilized a optimiza-
tional attitude estimation algorithm. Though the satisfied
attitude was derived, the approximately position need further
improvements.

In recent few years, with the development of navigation
computer technology, the backtracking navigation has been
investigated to improve the navigation performance with cer-
tain length of navigation data [19]-[22]. Significant improve-
ments in attitude performance of in-motion alignment have
been achieved in [19]-[21]. In order to solve the positioning
problem after the accomplishment of in-motion alignment
without the aid of GPS. Li ef al. [22] investigated a back-
tracking navigation scheme based on a INS error model to
obtain the attitude and position. However, the speed measure-
ment equipment errors during fine alignment were omitted.
Meanwhile, initial binding position and zero velocity were
only used as the initial information for dead reckoning (DR),
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which was considered to be underutilized. Therefore, fur-
ther improvements regarding the attitude and position
alignment performances of in-motion alignment would be
worthwhile.

In this paper, we propose a novel in-motion alignment
method, which not only autonomously improves the preci-
sion of attitude within short time but also simultaneously
achieves the position with high precision. The investigated
in-motion alignment method is composed of coarse align-
ment and fine alignment. During the process of coarse align-
ment, we execute the method proposed in [17] combined
with an optimization-based attitude determination solution to
obtain the attitude and position on the basis of the known
initial information including initial binding position and zero
velocity, which is defined as improved optimization-based
coarse alignment (IOBCA). Then initialized with the align-
ment results provided by IOBCA, a backtracking-scheme-
based fine alignment (BSFA) combined with Kalman filter
is proposed to make a further improvement in the preci-
sion of attitude and position, during which the known initial
information is utilized again. Finally, three car-mounted field
tests are carried out to verify the validity and applicability of
investigated method.

The remainder of this paper is organized as follows.
Section II presents the reference frame definitions. Section I11
is devoted to the implementation of the IOBCA. In Section IV,
the BSFA including backtracking SINS algorithm, backtrack-
ing dead reckoning algorithm and backtracking SINS algo-
rithm is derived. In Section V, the proposed method and
existing in-motion alignment methods are compared through
three car-mounted field tests. Finally, the conclusion is drawn
in Section VI.

Il. THE REFERENCE FRAME DEFINITIONS
The reference coordinate frames involved in this paper are
defined as follows:

i frame: Earth-Centred Initially Fixed (ECIF) orthogonal
reference frame.

e frame: Earth-Centred Earth Fixed (ECEF) orthogonal
reference frame.

b frame: Orthogonal reference frame aligned with Right-
Forth-Up (RFU) axes.

n frame: Orthogonal reference frame aligned with actual
East-North-Up (ENU) geodetic axes.

n’ frame: Orthogonal reference frame aligned with compu-
tational East-North-Up (ENU) geodetic axes.

ng frame: Orthogonal reference frame nonrotating relative
to the e frame. It’s formed by fixing the n frame at the
beginning of the in-motion alignment.

ip frame: Orthogonal reference frame nonrotating relative
to the i frame. It’s formed by fixing the i frame at the begin-
ning of the in-motion alignment.

ipo frame: Orthogonal reference frame nonrotating relative
to the i frame. It’s formed by fixing the b frame at the
beginning of the in-motion alignment.
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lil. IMPROVED OPTIMIZATION-BASED COARSE
ALIGNMENT

A. DECOMPOSITION OF THE ATTITUDE MATRIX

IOBCA starts from time 7y, the attitude matrix C}(¢) denotes
the attitude matrix from b frame to n frame at time ¢, which
can be decomposed into four parts as
(I)C"O(t)Cl0

0 b0

n) = C,° () (1)
where C), ,(7) that encodes the attitude change of n frame is
the attltude matrix from ng frame to n frame at time ¢, C"0 (1)
that encodes the attitude change of ng frame is the att1tude
matrix from ig frame to ng frame attime z. C ;bo (t) that encodes
the attitude change of i,( frame is the attitude matrix from b
frame to ipo frame at time ¢. And C;ZO is a constant attitude
matrix from ipq frame to ig frame. '

At the beginning of the coarse alignment, C;bo (1) is firstly
initialized as

C° (1) =I5 2)

where I3 denotes the 3 x 3 identity matrix.

Subsequent orientation of C ;bo () is updated by the gyro-

scope output wf?b = wf?b b
0

€0 =@ (o (0)x) 3)

where (- x) denotes the skew symmetric matrix of (-).

The time-varying attitude matrix C?OO(t) can be further
decomposed into a constant matrix C,° and a time-varying
matrix C fo (t). That is

Clo(r) = CIOCE (1) @)
where
0 1 0
C = | —sinLy 0 cos Lo

| cosLy O sinLy
[ cos (wiet) sin (wet) 0

Cl%(t) = | —sin (wjet) cos (w;t) 0
i 0 0 1

C ZO (#) is changing with the movement of the vehicle, which
can be obtained by

C,, (1) = Co()Cy, )
where
—sin ) cos A 0
Cl(t) = | —sinLcosA —sinLsinA cosL |,
| cosLcosA cosLsind sinL
[— sin A9 — sin Ly cos Lo cos Lo cos Ag
CZO = | cosAg —sinLgsinAig cosLgsinig |,
| 0 cos Ly sin Ly

Ly and Ao denote the initial binding geographic latitude and
longitude, respectively. L and A are calculated on the basis of
Ly and A9, as well as the measurements provided by SINS and
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OD at time ¢. And the explicit algorithm for L and A will be
presented in next subsection.

During the in-motion alignment, the change of latitude
AL = L — Ly and longitude AA = X — Ag can be recognized
as small angles. we can further derive

0 —AMlsinLg AXcos Ly
CZO(t) ~I3— | Alsinly 0 AL (6)
—AMcos Ly —AL 0

Therefore, when the constant matrix C;/ 0 s determined,
the attitude transformation Cj(#) can be obtalned subse-
quently. Typically, L and A are replaced with Ly and Xg
respectively in marine application because of the short sailing
distance during in-motion alignment [20]. While the travel-
ling distance is much longer for land used application. And
the omission of displacement will produce a larger error in
calculating the C:’lo(t), which results in the precision loss
of attitude alignment. In this respect, position alignment is
equally important for coarse alignment.

B. ATTITUDE AND POSITION COARSE ALIGNMENT

The specific force equation expressed in the n frame is known
as [1]

V(1) = CHaf (1) — Rojy (1) + @, x V') +¢" (D)

where v' = [V} Vh v’L’,]T is the velocity projected
in the n frame, f” is the specific force measured by
accelerometers in the b frame, g" = [O 0 —g]T is the
gravity in the n frame, o, = [0 @} cosL ! sinL]T
denotes the earth rotation rate projected in the n frame,
o, = [~Vi/Ru +h) ViRy + k) v tan LRy + h)]"
denotes the angular rate of the n frame with respect to the e
frame, Ry; and Ry calculated by SINS latitude are the radius
of curvature in meridian and prime vertical, respectively.
Defining yo as the velocity projected in the i, frame. The
relationship between v"(¢) and v'%0(t) can be expressed as

. dIC}y (™o (1))
O =—"
= €}, O iho (1) + wm(;), () x v (1)] ®)

where C Z’O (¢) that encodes the attitude change of the i, frame
is the attitude matrix from the n frame to the ipo frame at

time ¢, "’Z(,), () encodes the angular rate of the i, frame with
respect to the n frame expressed in the n frame.

Substituting (8) into (7) and multiplying CZ?O (t) on both
side of (7), the specific force equation expressed in the ipg
frame is given by

P00 (1) + ™ (1) x viro(r)

mb
= CPOICYOS" = R0 + (O] x V(D) +£"} ()
For any time instant 7, we have

O (1) =~ (1) (10)
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FIGURE 1. Diagram of the I0BCA for OD-aided SINS.

where w (t) encodes angular rate of the n frame with respect
to the i frame expressed in the iy, frame.

Substituting (6) and (10) into (9), and then reorganizing the
equation yields

#0 (1) — CR (O (1) + CLP (i) x v 1)
=C,"(0g"
C.°Ch (Cm(1)g" (11)

According to (6), C7°(t)g" can be approximately expressed

as

Co()g" ~g" —g-[ArcosLy AL O]T (12)

The eastward and northward displacement of the vehicle
can be approximated as

PR (1) X ReAkcos Lo, py)(t) ~ R, AL (13)

where R, denotes the radius of earth appr0x1mately.

Defining p(t) = [p ) p;:})(t) Py (t)] as the displace-
ment of the vehicle. Because the height displacement is
relatively small in land used application, substituting (13)
into (12) we can derive that

Crug'=¢"— 4 S @) ph) 0] ~ —I%p"‘)(t) (14)

Substituting (14) into (11), and then reorganizing the equa-
tion yields

B (1) — CZ’O f° @) + Cﬁfj’ (H@L(1)
x vibo (l) + Ri .pibo (t) =

e

clch g’ (15)
where the third part on the left side of (15) is recognized as
the coriolis force produced by vehicle movement and earth
rotation, the forth part on the left side of (15) is recognized
as the gravity deflexion produced by vehicle movement.
For severe maneuvering land vehicles, the compensations of
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coriolis force and gravity deflexion are essential to enhance
the performance of coarse alignment.

In order to attenuate the disturbance inherent in OD and
improve the calculation accuracy of C ZO double integrat-
ing (15) on both sides over the time interval of interest. The
initial value of integral and quadratic integral are zero

= C o, (16)

av—/ / C’O | (w)g" dudv (17)

B, = pi() — / / Cbo(u)fh(u)dudv

ipy |
+Col x PO+ 2 pffm (18)

where

t o
pi”o (1) = / pibo (t)dt = / C:O (‘C)Vb(‘()dl',
0 0

. t
P = / p(n)dr,
0

t .
pﬁ(r) = / P ().

In this respect, the determination of C has been trans-
formed into a Wahba’s problem [23] w1th the corresponding
infinite vector observations (17) and (18). Many effective
approachs have been proposed for such problem. In this
paper, Davenport’s g method is conducted as the solution and
the explicit determination procedure is presented in [15].

It should be note that the third part of B, in (18) which

. . . l .
includes the attitude matrix C iho is unknown when IOBCA
begins. So this part is omitted to calculate the attitude matrix

in, . . L .
C io approx1mate1y during short initial period. And then the
attitude matrix C izo can be obtain with no omition in &, by

utilizing the approximate C ZO In addition, since the (17)
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and (18) have declared that the initial value of integral is zero,
the v’(¢) in p™(¢) should be initialized with zero. That is,
the car is expect to remain stationary when IOBCA begins
execution.

In order to obtain the attitude matrix CZO(t) with rational
precision, the calculation of the p™(¢), which determines the
AL and AA, is considered to be an essential issue. According
to the integration by parts, we can derive that

t
p"(’(t)=/ v (t)dt
0
1 .
= /0 Ci (D™ (1)d7

t
= C* (tp™o (1) — / oy (1) x [CI (T)p™ (T)ldT
i 0 nolbg tbg
(19)

where CZ% @) = C;;O(t)C iZO that encodes the attitude change
of the ng frame is the attitude matrix from the i, frame to the
ng frame at time ¢, wzgibo (¢) encodes the angular rate from ip,
frame with respect to ng frame expressed in the ng frame.

As the earth rotation is relatively small and coarse align-
ment time is short, thus w;.t in Cfo(t) is a small angle, i.e.
Cfg(t) ~ I3. In this respect, C ib(:)(t) is recognized as a
constant attitude matrix approximately at time #y, Thus we
can derive that

n e 0~ N
Cib% )= CZgCi(?(t)Ci-gO ~ Cib(z) (t0) (20)
For any time instant ¢, we have
@iy (1) = —@j¢ @

Substituting (20) and (21) into (19), p"(¢) can be calcu-
lated by
PO = € (™ (1) + @l x [C} (10)p "] (22)
And then the A and L can be calculated by

Pyt
A=r+— L7 23
o+ (Ry 4+ hg)cos Ly (232)
19
PN @)
L=Lj+—"*—" 23b
0+ Rur + o (23b)

Therefore, the real-time attitude which determined by the
attitude matrix C} and the real-time horizontal position L
and A can be obtained during the coarse alignment. In the
meantime, the real-time velocity v" can be obtained by

V' =yt (24)

where v” is the velocity measured by OD expressed in the b
frame. The diagram of IOBCA for OD-aided SINS is shown
in Fig. 1, which illustrates the essential inputs, algorithms
process and real-time outputs of IOBCA. In this respect,
the attitude, velocity and position provided by IOBCA at
the end of coarse alignment can be set as the initialization
parameters of fine alignment. And the explicit process of fine
alignment is presented in next section.
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IV. BACKTRACKING-SCHEME-BASED FINE ALIGNMENT
A. BACKTRACKING SINS ALGORITHM

The backtracking SINS algorithm is based on the forward
SINS algorithm, so the latter is introduced firstly. The forward
SINS algorithm is consisted of three parts: attitude navigation
algorithm, velocity navigation algorithm and position nav-
igation algorithm, which can be written as three first-order
differential equations

¢, = iy,
V(1) = CROf (1) — oL +k, ()] x V' (1) +g"
L =Vi(Ry+h), *=visecL/(Ry+h), h=1}
(25¢)

(252)
(25b)

where

@, = (@, %), @y, = ), — (C) @], + @f).

In practice, in order to perform the recursion calculation
in a computer, the forward SINS algorithm in (24) should be
discretized

b = Ch_1 (s + TR0y (262)
Vi = Vi + TChy i f}

— Qg _y + @) XV +£"1  (26b)
L = Li—1 + Toyg_ 1 /(Rn + hx—1)
e = =1+ TV sec Ly—1/(Ry + hi—1)
he = he—1 + Ty (26¢)

where

b b b
Rk = (@ X)), @i

b T
@ — (Chp—1)" @y + @),
[0 w}, cos Ly !, sin LT,

—Vii/(Rm + hy)
O = Vi /(RN + h)
Vi tan Ly /(Ry + hy)

n
@jefe

T is the sampling time of gyroscopes and accelerometers
in SINS, k is each discretized time point of the navigation
process (k =1,2,3,...).

Assuming that SINS navigates from position A to position
B from time ¢ to ¢, the backtracking discreted SINS algorithm
from position B back to position A is that [24]

Ch1 = Ciyp(I3 + TR0,
~ Zk(l3 - Tsﬂzbk)

~ Ol + T, ) (27a)
Vior = v — Tl Zkflfi
= Q@ + @) X Vi +&"]
~vi = TICHfT
— Qe + @) X vi + 8" (27b)
20215
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L1 = Ly — Tyviy_ /Ryt + hg—1)
~ Ly — Ty /(Ry + hi)

Ak—1 = rg — TV sec Lg—1 /(Ry + hi—1)
~ A — TV sec Ly /(Ry + hy)

hi—1 = hy — Ty = he — Ty, (27¢)

where

ob ~b ~b
Qi1 = @ppp_1 %), @y

_ b n T, .n n

= —[@ip_1 — (Cpp)” (@i + @)1

It can be seen that the backtracking discreted SINS algo-
rithm is similar to the forward discreted SINS algorithm
except that the sign of initial velocity, gyroscope measure-
ments and earth rotation are opposite. Defining the v, =
—v}; as the backtracking SINS velocity, the backtracking
SINS algorithm can be rewritten as

Choy ~ Clyls + o8 1) (28a)
Vi1 ~ Vi + TICHFT
(<200 + @) X Vi 48] (28D)
Li—1 = L + Tyvype/(Rm + hi)
=1 = A + TsVigp sec Ly /(Rn + hi)
hi—1 ~ hi + Tyvip (28¢)
where
§Zb3k—1 = (52173;(_007

~b b n~\T, .n n
Oppk—1 = ~ @1 — (Chp)” (@ + @, 1),

—Vge/ Ry + hi)
Vigr/ RN + i)
Viep tan Ly /(Ry + hy)

n —
@enBk =

B. BACKTRACKING DEAD RECKONING ALGORITHM
SINS/OD can be recognized as a DR system, assuming that
the sampling time of OD is T as well. Thus vfk which encodes
the velocity measured by OD expressed in the b frame at time
t can be calculated by

Vo = Ash T, (29)

where Asz encodes the mileage increment expressed in the b
frame at time 7.

With the auxiliary velocity measurements provided by OD,
the discreted forward DR algorithm can be derived that

Cre = Ch_ (I3 + T,R%,) (302)
b

Vi = Chp_ 1V

Lpx = Lpk—1 + TsVine—1/(Rpym + hpr—1) (30b)

Apk = Apik—1 + TsVig_, sec Lpk—1/(Rpn + hpr—1)

hpi = hpk—1 + TsViy_, (30c)

where the velocity in Slz i 18 required to be replaced with v?k,
Lpk, Apx and hp; denote the latitude, longitude and height
calculated by DR at time #;, respectively, Ryp and Ryp cal-
culated by DR latitude are the radius of curvature in meridian
and prime vertical, respectively.
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Similarly, defining the v{, = —v{, as the backtrack-
ing DR velocity, the sign of OD measurements, gyroscope
measurements and earth rotation are opposite in discreted
backtracking DR algorithm. The discreted backtracking DR
algorithm can be written as

Ch—y ~ Cid3 + T 1) (la)
Vipr—1 = CZkV?Bk—l

Lpik—1 ~ Lpk + TsVsnpi/(Rpm + hpk) (31b)
Apk—1 = Apk + TsVipg sec Lpk/(Rpn + hpk)

hpi—1 =~ hpk + TsViype (3lc)

C. KALMAN-FITERING-BASED FINE ALIGNMENT
According to the forward SINS algorithm and forward DR
algorithm, the error model of the SINS/OD can be written
as [25], [26]

¢ = —0! X ¢+ My +M,5p — Cle® (32a)
8" = f" X ¢ + M, 8v + M,,8p + C; Vb (32b)
8p = M, 8v" + M ,,8p (32¢)
8pp = MpV" X ¢ +M,8pp, +MgB +MgSKp  (32d)
&' =10001" (32€)
vl =1000]" (32f)
8K; =0 (32g)
88 =007 (32h)
where
1
() —
0 00 Ry +h
M| = | —wpsinL00 |, Mp;= Y 0 o[,
wiecosL 00 Iign—z
- 0 0
Ry +h
- oy 2
(Ry +h)
VE
M; = (R +h)? |’
VE sec? L vg tan L
| Ry +h (Ry + h)?
M, = M>, Map:Ml"f‘ME%
M,, = —[(V"X)Ma + (20}, + @),) x],
M,, = (v"x) M| + M3),
B 1
0
Ry +h
M,, = sec L 0 ol
Ry +h
0 0 1
B 0 _V—Nz
(Ry +h)
M,, = | VE secLtan L _VE sec L
Ry +h (Ry + h)?
i 0 0
My = [-C}(:,3) Cp (¢, D]vp,
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Mg =MM,,
MK = Mpvv”.
¢ = [oe ov du]’, v = [ove s ovy]’, p =

[SL SA 3h]T and épp = [SLD SAp ShD]T are the misalign-
ment angle vector, SINS velocity error vector, SINS position
error vector and DR position error vector, respectively; e’ =
(62 & sg]T and VP = [V2 V] Vf]T are the gyroscope
drift vector and accelerometer bias vector in the b frame,
respectively; f = [80{9 (Sa(p]T is the OD installation angle
error vector, in which dag denotes as the pitch installation
error of OD and ¢, denotes the heading installation error of
OD; §Kp denotes the OD scale factor error; vp denotes the
forward velocity measured by OD.

Based on the linear state-space model given by (32),
Kalman-filtering-based fine alignment is employed to esti-
mate attitude errors and position errors. Thus, the fine align-
ment filter should be designed first. It should be noted that
dap mainly induces the altitude error and has marginal impact
on the horizontal position. Meanwhile, the altitude error
and vertical velocity can be restrained by barometer altime-
ter. Therefore, in order to reduce the computational load,
we establish the state vector X without regard to the 8v’l“], Sh,
Vf, Shp and Sy, that is

X = [8¢r 8¢n S¢u SvE Svy OL S 26l
&2 V2 VP 8Lp 8ap Say SKplT  (33)

During fine alignment process, attitude errors could not
be acquired without external attitude reference. While under
moving base, the position errors can be acquired by deducting
the DR position pj from the SINS position p. Thus, the
measurement variables are chosen as position errors

Z= 13 _ﬁD = (preal + 3p) - (preal + 6pD)
— 5p — dpp, (34)
where p,,,; is the actual position.
Therefore, based on the (32)—(34), which denotes as the
dynamic model, statement vector and measurement, respec-

tively, the continuous 16-dimensional (16D) forward Kalman
filter of fine alignment is designed as follows

X = FX + Gw
Z=HX +v

(35a)
(35b)

where F is the state matrix; G is the noise matrix; w is the
white system process noise with the power spectral density
0. H is the measurement matrix. According to the (32),
the expression of state matrix F is shown at the top of this
page. The noise matrix G and the measurement matrix H can
be expressed as follows

-Cy 03,2
G=| 0,3 CZ(I:Z,l:Z) ,
0113 0112

H = [03x5 12,2 02,5 —I2x2 022].
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Based on the continuous 16D forward Kalman filter,
the discretization form of 16D forward Kalman filter is given
as follows

Xi = Pp—14Xp—1 + T Wi (36a)
Zy =H X+ Vg (36b)
where X is the state vector at time f;; ®r—1x = I +

Ty F(tr—1) is the state transition matrix from time #;_1 to ;
Tis is the Kalman filter period; F(t;_1) is the expression of
F at time #;_1; ['x_ is the system noise drive matrix at time
tx—1; Wr_1 is the system excitation noise at time #;_1, and
these conditions are satisfied: E[W ] = 0, Cov[Wy, W;] =
E[W; W/T] = Q.8 j; Oy 1s the non-negative definite variance
matrix of Wy; E[Vi] = 0, Cov[Vy, V)] = E[VijT] =
Ry 8k j; Ry is the non-negative definite variance matrix of V.

Forward Kalman filter process is organized as follows One
step prediction of state

Xiho1 =@ s 1 Xp 37
State estimation
Xi =Xpso1 + Ke(Zy — HiXgi-1) (38)
Gain matrix
—1
Ky =P 1H} (HkPk,k—lH]{ +Rk> (39)

One step prediction of mean square error
Pri—1= ‘I’k,k—lPk—lq’;k,] +Tx1Q, T]_,  (40)
Mean square error estimation
P = — KiH )Py -1 41)

The backtracking Kalman filter process can be obtained
by modifying the forward Kalman filter process. The state-
ment vector and measurement of backtracking Kalman filter
are same with forward Kalman filter, which are set as (33)
and (34), respectively. The dynamic model of backtracking
Kalman filter is much the same as the forward one except that
the sign of the gyroscope measurements, the gyroscope biases
and the earth rotation angular velocity in the (32) are opposite.
As for the time backtracking management, it requires that
the system state update to be performed in the reverse order.
In one step prediction equation and state estimation, the back-
tracking update process is performed from Xj; to Xj_i,
transfer matrix ®; x—; changes to ®;_; . In the one-step
prediction of the mean square error equation, the prediction
process is from Py to Py_1. So the 16D backtracking Kalman
filter process is organized as follows One step prediction of
state

Xio1x = 14Xy 42)
State estimation
X =Xpix + K1 (Ziy —Hi1Xi—10)  (43)
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FIGURE 2. Diagram of the BSFA for OD-aided SINS.

Gain matrix
—1
Ky =P H (Hk—lpk—l,kH/{_l +Rk—1> (44)

One step prediction of mean square error

Pioii = Q14 Pr®_;  + T1QT] (45)
Mean square error estimation
Py = — Ki—1Hr-1)Pr—1k (46)

According to (37)-(46), we can estimate the attitude error
and position error by employing backtracking Kalman fil-
ter and forward Kalman filter within a certain time period.
It should be noted that no matter how powerful the navigation
computer is, the backward process and the forward process
still need time to carry out. In this respect, inevitable time
delay fp will exist during the implementation of forward
process at feoqrse- SO €Xtra memory is essential to record the
measurement information. Then the forward process will be
end at #5,, and follow by the navigation process. It should
be pointed out that the delay time tp is very short due to the
enormous computing power of modern navigation computer.
Therefore, the investigated in-motion alignment method can
provide high-precision attitude and position within short time
all the same.

Given the above, the diagram of BSFA for OD-aided SINS
is shown in Fig. 2, and the specific algorithm procedure of
BSFA are summarized in the following.

1) First, IOBCA is developed to derive the attitude, veloc-
ity and position with rational precision. In the mean-
time, the gyro data, the accelerometer data and the OD
data are recorded during IOBCA.

2) Second, the backward process of BSFA is executed.
The navigational initialization parameters including the
attitude, velocity (the sign is opposite) and position are
provided by IOBCA at the end of coarse alignment.
The specific initial backward Kalman filter parame-
ters are introduced in Table 2. Meanwhile, the signs
of gyroscope measurements, gyroscope biases, earth
rotation angular velocity are opposite according to the
backtracking algorithm.

3) Third, the forward process of BSFA is carried out
subsequently, during which the signs of gyroscope
measurements, gyroscope biases, earth rotation angular
velocity return to normal. And the known initial bind-
ing position and the velocity which is zero are utilized
again at the start of forward process, aiming to further
refine the velocity and position estimation. In addition,
all the forward Kalman filter parameters are initialized
with the parameters provided by backward Kalman
filter at the end of backward process. Furthermore,
the convergent OD errors estimated by Kalman filter
are compensated to obtain the velocity and position
with higher precision.

4) Finally, initialized with the attitude, velocity and posi-
tion provided by forward process, the navigation pro-
cess of SINS/OD can be conducted consecutively.

— (@) Ma(:,1:2) Mg (:,1:2) —C},
(Frx)(1:2,5) My(1:2,1:2) Myp(1:2,1:2) 02,3
053 My, (1:2,1:2) Mpp(1:2,1:2) 023
Fe 0353 0352 0352 0353
023 022 022 02,3
[M,p,(v}x)] (1:2,2) 022 0252 0253
0153 012 01x2 013
L 013 0152 0152 01x3
20218

0352 0352 0351 0351
C(1:2,1:2) 0252 0251 02,1

0252 0252 0251 0251

0352 0352 0351 0351

0252 0352 0351 0351 ’

0,52 Mp,(1:2,1:2) Mp(1:2,:) Mg(1:2,:)

0152 0152 0 0

0152 012 0 0 ]
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TABLE 1. The descriptions of three field tests.

Field Test number Static stage time

Maneuvering stage time Total distance

Maximum speed

Trajectory 1 305s 295s 2677.52m 17.02 m/s
Trajectory 2 305s 295s 2343.08m 15.65 m/s
Trajectory 3 305s 295s 3391.93m 18.21 m/s

TABLE 2. The descriptions of four in-motion alignment schemes.

Scheme number

Alignment method

Algorithm organization Alignment result parameters

Scheme 1

IOBCA

The specific algorithm is presented in Section III in this paper. The algorithm
execution begins at 300s and ends at 600s, which includes the first 5s static
segment and subsequent 295s maneuvering segment.

Attitude&velocity&position

Scheme 2

OBCA

The specific algorithm is presented in [12]. The algorithm execution period is

the same with Scheme 1. Attitudedevelocity

Scheme 3

IOBCA&BSFA

The specific algorithm is presented in Section III and Section IV in this paper.
The algorithm execution period is the same with Scheme 1. In the BSFA, the
segment from 300s to Os denotes as backward process, and the segment from
0Os to 300s denotes as forward process. And the initial parameters of backward
Kalman filter and forward Kalman filter are set as follows:
(1) Backward Kalman filter: X = 016x1, R = diag (5/R.rad 5/R,rad)?,
Oy = diag (0.01°/h 0.01°/h 0.01°/h  100ug 100ug 0;x11)?,
Py = diag (10" 10" 5° 0.1m/s 0.1m/s 20/R.rad 20/R.rad 0.01°/h
0.01°/h 0.01°/h 100ug 100ug 20/R.rad 20/R.rad 30’ 0.08)
(2) Forward Kalman filter: All the forward Kalman filter parameters are initia-
lized with the parameters provided by backward Kalman filter at the end of
backward process.

Attitude&velocity&position

Scheme 4

Tradition alignment

The similar algorithm is presented in [28], while the Kalman filter model is
same as Scheme 3 for the better comparison. The algorithm execution begins

at 180s and ends at 600s, which includes the first 120s static coarse alignment Adtitude&velocity&position

and subsequent 300s in-motion fine alignment.

FIGURE 3. Experiment platform and equipments.

V. CAR-MOUNTED FIELD TEST

A. EXPERIMENTAL SETUP AND DESCRIPTION

The car-mounted experimental data was collected to eval-
uate the performance of proposed in-motion alignment
method. The experimental platform is composed of the
navigation-grade ring laser SINS, OD, barometric altimeter,
Differential GPS (DGPS) and test car, as shown in Fig. 3.
The navigation-grade ring laser SINS consists of three Ring
Laser Gyroscopes (RLG) with a drift rate of 0.01° /h (10) and
three quartz accelerometers with a bias of 100 g (1o). The
update rate of body angular rate, specific force and mileage
increment, which are measured by RLG, accelerometer and
OD, respectively, are equally 100 Hz. The scale factor and
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installations of OD are accurately calibrated before the field
test. The DGPS provides the position with an accuracy of 3cm
(1o0) at 1Hz, and lever arm of the DGPS has been estimated
and compensated.

Three car-mounted field tests were carried out to verify the
proposed method sufficiently, and the corresponding trajecto-
ries are shown in Fig. 4. The descriptions of three field tests
are summarized in Table 1. We can see that the car firstly
stayed static for about 305s and then ran in maneuvering
environments for about 295s during each field test, and the
corresponding total distance and maximum speed are differ-
ent. It should be noted that the car was moving in open area
so that DGPS was able to work normally all the time. In this
respect, the SINS/DGPS integrated navigation system intro-
duced in [26] can provide consecutive attitude, velocity and
position reference. That is to say, the attitude, velocity and
position reference can be provided by 300s stationary-base
alignment [27] and 300s SINS/DGPS integrated navigation
system.

B. COMPARISONS OF DIFFERENT IN-MOTION
ALIGNMENT ALGORITHMS

For comparison, four in-motion alignment schemes are car-
ried out using car-mounted data. The descriptions including
Scheme number, alignment method, algorithm organization
and alignment result parameters are summarized in Table 2.
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FIGURE 4. Car-mounted field test trajectories.

FIGURE 5. Attitude errors estimated by Scheme 1 and Scheme 2 in
trajectory 1.

It should be noted that the four schemes can be executed
without the aid of GPS. And all the schemes are coded with
MATLAB on a computer with Intel Core i7-6700HQ CPU,
8G memory and the Windows 10 operating system.

First, Scheme 1 is implemented to provide the initial navi-
gation parameters for BSFA. In the meantime, Scheme 2 is
carried out utilizing the same test segment data to make
comparison. The attitude comparison curves including pitch
error, roll error and heading error between Scheme 1 and
Scheme 2 are presented in Figs. 5-7. The horizontal velocity
error curves including east velocity and north velocity esti-
mated by Scheme 1 and Scheme 2 are shown in Fig. 8. The
horizontal position error curves estimated by Scheme 1 are
shown in Fig. 9. Meanwhile, the final attitude errors and
the root mean-square (RMS) of horizontal velocity errors
estimated by Scheme 1 and Scheme 2, as well as the final
horizontal position errors estimated by Scheme 1 are sum-
marized in Table 3.

20220

FIGURE 6. Attitude errors estimated by Scheme 1 and Scheme 2 in
trajectory 2.

FIGURE 7. Attitude errors estimated by Scheme 1 and Scheme 2 in
trajectory 3.

According to the attitude results of three trajectories esti-
mated by Scheme 1 and Scheme 2, we can see that both two
schemes have showed comparable level in horizontal attitude
estimation. While the heading estimated by Scheme 1 has
superiority over Scheme 2. The reason is that the gravity
deflexion error projection in inertial frame caused by the
displacement of carrier is diminished in Scheme 1, which
contributes to better estimations of the heading. In contrast,
since Scheme 2 cannot derive position, the position should
be approximated by the known initial binding position thus
degrading the precision of heading estimation. As for the hor-
izontal velocity results of Scheme 1 and Scheme 2, the root
mean-square (RMS) results of horizontal velocity error esti-
mated by Scheme 1 is all smaller than Scheme 2. The reason is
that the attitude estimation fluctuation of Scheme 1 is smaller
than Scheme 2 at the beginning of coarse alignment. With the
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FIGURE 8. Horizontal velocity errors estimated by Scheme 1 and
Scheme 2 in three trajectories.

FIGURE 9. Horizontal position errors estimated by Scheme 1 in three
trajectories.

improvements of attitude estimations, the horizontal velocity
errors of two schemes have both decreased and the preci-
sion of velocity is mainly determined by the OD measure-
ments. As for the horizontal position results of Scheme 1 and
Scheme 2, as previously mentioned, only Scheme 1 is able to
achieve the position with rational precision. And the rational
position provided for BSFA is vitally important to overcome
the filter divergence caused by measurement mutation when
the initial binding position is introduced at the start of forward
process. Therefore, the final coarse alignment results includ-
ing attitude, velocity and position estimated by Scheme 1 are
considered to better guarantee the smooth implementation of
BSFA.

Then, to further improve the precision of in-motion align-
ment, the BSFA initialized with the coarse alignment results
provided by Scheme 1 is carried out. And Scheme 4 including
120s stationary-base coarse alignment and 300s in-motion
fine alignment is executed for comparison. For the conve-
nience of comparison, the delay time #p which is very short in
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FIGURE 10. Attitude errors estimated by Scheme 3 and Scheme 4 in
trajectory 1.

FIGURE 11. Attitude errors estimated by Scheme 3 and Scheme 4 in
trajectory 2.

FIGURE 12. Attitude errors estimated by Scheme 3 and Scheme 4 in
trajectory 3.

Scheme 3 is omitted. The attitude comparison curves includ-
ing pitch error, roll error and heading error during in-motion
fine alignment process between Scheme 3 and Scheme 4 in
three trajectories are presented in Figs. 10—12. The horizontal
velocity error curves including east velocity and north veloc-
ity estimated by the forward process of Scheme 3 and the
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TABLE 3. The alignment results from different in-motion alignment methods.

Trajectory . . Final pitch Final roll Final head- Horizontal velocity Final horizontal = Time
In-motion alignment methods . oee
number error error ing error error (RMS) position error cost
IOBCA Scheme 1 0.0563° -0.0231° -0.2844° 1.767m/s 12.55m (4.69%0D)  300s
OBCA Scheme 2 0.0445° -0.0283° -0.3760° 5.425m/s — 300s
Trajectory 1
IOBCA & BSFA Scheme 3 0.0036° -0.0117° 0.0540° 0.039m/s 1.01m (0.38%cD)  300s
Tradition alignment ~ Scheme 4 -0.0110° -0.0038° 0.0585° 0.044m/s 1.17m (0.44%cD)  420s
IOBCA Scheme I -0.0186° 0.0641° -0.2891° 1.209m/s 8.81m (3.76%¢D)  300s
OBCA Scheme 2 -0.0269° 0.0448° -0.3453° 2.325m/s — 300s
Trajectory 2
IOBCA & BSFA Scheme 3 -0.0127° 0.0067° 0.0510° 0.035m/s 1.62m (0.69%cD)  300s
Tradition alignment ~ Scheme 4  -0.0146° 0.0069° 0.0595° 0.042m/s 2.01m (0.86%0D)  420s
IOBCA Scheme 1 -0.0170° -0.0722° -0.3046° 2.200m/s 19.21m (5.66%0D)  300s
OBCA Scheme 2 -0.0271° -0.0536° -0.5466° 3.616m/s — 300s
Trajectory 3
IOBCA & BSFA Scheme 3 -0.0030° -0.0047° 0.0476° 0.037m/s 2.63m (0.78%cD)  300s
Tradition alignment ~ Scheme 4  -0.0015° 0.0064° 0.0563° 0.040m/s 3.05m (0.90%c:D)  420s

FIGURE 13. Horizontal velocity errors estimated by Scheme 3 and
Scheme 4 in three trajectories.

fine alignment of Scheme 4 are shown in Fig. 13. The OD
errors including Kp and do, estimated by Scheme 3 in three
trajectories are shown in Fig. 14. The §Kp estimation results
in three trajectories are —0.00084, —0.00801 and —0.0039,
respectively. The da,, estimation results in three trajectories
are 1.198’, 0.581" and —1.759, respectively. The horizontal
position error curves estimated by Scheme 3 and Scheme 4 in
three trajectories are shown in Figs. 15—-17. In the Scheme 3,
the initial binding position is introduced to compensate the
position estimation error of at the start of forward process,
the position compensations in three trajectories are 0.73m,
0.77m and 0.64m, respectively. Meanwhile, the final atti-
tude errors, the RMS of horizontal velocity errors and the
final horizontal position errors estimated by Scheme 3 and
Scheme 4 are summarized in Table 3.
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FIGURE 14. OD scale factor errors and heading installation errors
estimated by Scheme 3 in three trajectories.

According to the attitude results of Scheme 3 and
Scheme 4, there are slight changes existing in pitch and
roll error during the 290s to 300s of trajectory 2 and the
280s to 290s of trajectory 3. The reason is that the car had
made a turn during the aforementioned segment, and turning
motion will change attitude, which contributes to the sep-
aration of horizontal accelerometer biases. In this respect,
the error estimations of pitch and roll will change slightly.
Despite the existence of slight changes in pitch and roll
errors, both Scheme 3 and Scheme 4 have achieved higher
precision in attitude than Scheme 1 and Scheme 2. The perfor-
mances of the horizontal attitudes estimated by Scheme 3 and
Scheme 4 are comparable, while the heading angles in three
trajectories estimated by Scheme 3 are better than Scheme 4.
The main reason is that the alignment time of Scheme 3 has

VOLUME 7, 2019



Y. Sun et al.: In-Motion Attitude and Position Alignment for OD-Aided SINS Based on Backtracking Scheme

IEEE Access

FIGURE 15. Horizontal position errors estimated by Scheme 3 and
Scheme 4 in trajectory 1.

FIGURE 16. Horizontal position errors estimated by Scheme 3 and
Scheme 4 in trajectory 2.

been equivalently lengthened due to the backtracking scheme,
which contributes to better estimations of heading angle. As
for the comparison results of velocity and position, the perfor-
mances of Scheme 3 and Scheme 4 are comparable, which are
better than that of Scheme 1 and Scheme 2. The first reason
is that Kalman filter is an well-known method to drop the
influence of measurement noise, which helps to smooth the
velocity and position estimations. The second reason is that
the OD heading installation error and OD scale factor error
are included in SINS/OD model, which are observable during
the accelerating and decelerating process of the car, thus
contributing to the velocity and position estimations. Further-
more, similar to Scheme 1 and Scheme 2, Scheme 3 has no
use for long-term stationary preparation at start time, thus
the time cost of Scheme 3 is lower than Scheme 4. That
is to say, Scheme 3 also has the significant advantage of
rapid-reaction capability. Consequently, the proposed method
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FIGURE 17. Horizontal position errors estimated by Scheme 3 and
Scheme 4 in trajectory 3.

can autonomously and simultaneously achieve better attitude
and position alignment results within short time than other
compared schemes.

VI. CONCLUSION

In this paper, the authors focused on improving the per-
formances of attitude and position alignment for SINS/OD
under maneuvering conditions, only when the initial infor-
mation including initial binding position and zero velocity are
known. First, IOBCA which aims at diminishing the gravity
deflexion error is executed to obtain the attitude, velocity and
position with rational precision. Second, initialized with the
final alignment results provided by IOBCA, BSFA combined
with Kalman filter is carried out. In BSFA, the in-motion
alignment time has been equivalently lengthened and the
known initial information has been utilized sufficiently to
suppress the velocity and position errors. Due to the rational
alignment results provided by IOBCA, Kalman filter will
overcome the divergency caused by position measurement
mutation at the start of forward process. Moreover, the OD
errors have been compensated to contribute better estimation
results. The experimental results illustrated that the proposed
method can not only autonomously improve the precision of
attitude within short time, but also simultaneously achieve the
position with high precision.

It should be noted that the investigated method is
only suitable for navigation-grade SINS combined with
high-precision OD. When it comes to the low-cost SINS or
the low-resolution OD, the performances of the investigated
method will be severely degraded. Because the inherent errors
existing in low-cost sensors will lead to a weak IOBCA
performance. Even if the IOBCA alignment results satisfy the
linearization requirements of subsequent BSFA, the increased
sensor observation noises will also cause the nonlinearization
of SINS/OD model. As a result, the ideal attitude and posi-
tion precision cannot be obtained. Therefore, future work is
needed to extend the application of the investigated method
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and make it more accessible to the low-cost SINS with
low-resolution OD.
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