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Abstract

Due to low cost and complementary performance advantages, global navigation satellite system
(GNSS)/ strapdown inertial navigation system (SINS) integrated systems have established
themselves in certain areas of land vehicle navigation. However, this integrated system cannot
maintain reliable positioning solutions in challenging environments due to the inherent fragility
of GNSS signals and time accumulated errors of a stand-alone SINS. To address this challenge,
a multi-source information fusion system based on the decentralized system architecture and
sequential Kalman filter for a land vehicle is proposed, which can fuse information from an
odometer and motion aided constraints selectively and adaptively in different driving
environments. Moreover, a comprehensive calibration and compensation strategy is designed to
enhance the information fusion. On the one hand, a real-time calibration algorithm is designed
to estimate the time-varying odometer scale factor and the misalignment between the inertial
measurement unit (IMU) and vehicle body frame when GNSS signals are available. On the
other hand, the forward velocity error caused by the lever arm, and the non-zero lateral velocity
generated by the turning maneuver are compensated by the introduced velocity compensation
method. A real car experiment in urban areas is carried out to illustrate the effectiveness of the
proposed system. It shows that the proposed decentralized GNSS/SINS/odometer fusion system
can maintain an average horizontal positioning root mean square error (RMSE) of 1-meter level
when GNSS signals are cut off about 1-2 min. In addition, compared with the traditional
centralized fusion structure, the proposed decentralized fusion structure can mitigate the
horizontal positioning RMSE of the whole trajectory from 2.95 m to 0.59 m, which verifies that
it can obtain better performance for the application of low-cost sensors in complex GNSS
environments.

Keywords: GNSS/SINS/odometer fusion system, odometer scale factor, IMU misalignment,
lever arm, sequential Kalman filter
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1. Introduction

Global navigation satellite system (GNSS) integrated with the
strapdown inertial navigation system (SINS) plays an import-
ant role in the land vehicle positioning due to its low cost,
wide availability and complementary properties [1-4]. How-
ever, the integrated system is often degraded into a single SINS
in signal interference and obstructed environments such as
urban canyons and tunnels, which is impossible to provide
the desired positioning service [5]. Adding additional posi-
tioning and navigation sources, namely multi-source informa-
tion fusion, is generally adopted to constrain the SINS errors
and improve the system quality in a poor GNSS environment
[6, 7]. The commonly used information sources can be cat-
egorized into real observations and virtual observations. The
former is provided by physical sensors, such as odometers,
steering encoders, barometers, and cameras [8—11], and the
latter is offered by motion aided constraints (MACs) [12, 13]
or various neural networks [14, 15].

Among the many additional information sources, odomet-
ers and MACs are the most popular ones for the reason of
lower computational complexity and no more extra sensors
need to be mounted in automobiles [16, 17]. An odometer pro-
duces a continual impulse count with high frequency, which
can be converted to the vehicle’s forward velocity by mul-
tiplying a scale factor [18, 19]. Thus, the rapidly increasing
positioning errors caused by drifts of a stand-alone SINS can
be suppressed by the integration of an odometer. MACs can
provide virtual velocity observations according to the motion
and driving situation of the vehicle to prohibit the divergence
of SINS errors. As one of MACs, non-holonomic constraint
(NHC) assumes that the lateral and vertical velocity compon-
ent should be close to zero when the vehicle is moving on a
planar road surface without slides and jumps [8]. GNSS/SINS
integrated system can benefit from the combination of the odo-
meter and NHC due to the additional 3D velocity constraint
information in a GNSS-denied environment.

To enhance the positioning performance implemented by
the fusion of the odometer and MACs, the following four
issues should be addressed. First, the odometer scale factor
is not a nominal constant value and it drifts with the change
of load and tire pressure. Second, the odometer measures the
velocity in the vehicle body frame (VBF) rather than the iner-
tial sensor frame. Therefore, the misalignment between the
inertial measurement unit (IMU) sensor frame and VBF makes
the velocity converted from the VBF to the navigation frame
inaccurate, which is the same problem NHC may face [20].
Third, the lever arm between the IMU origin and odometer
origin generates velocity measurement errors during turning
maneuvers [21]. Last but not least, the assistance of NHC may
be unavailable due to the non-zero lateral velocity compon-
ent during fast steering maneuvers of the land vehicle [22].
In the previous research, the calibration of the scale factor,
IMU misalignment and lever arm is simultaneously conduc-
ted with the estimation of SINS error states through a cent-
ralized Kalman filter on the basis of a 21-dimensional error
state vector and a velocity error observation [23]. From the
observability analysis of error states, the performance of the

proposed method largely depends on the measurement accur-
acy of the gyroscope, which is more suitable for high-precision
IMU rather than low-cost micro-electromechanical systems
(MEMS)-based IMU [19]. Besides, the coefficient of the lever
arm error state, defined as the angular velocity of IMU rel-
ative to the earth, may be close to zero and remain constant
when the land vehicle conforms to NHC and performs no
turning maneuvers. Thus, whether the calibration of the lever
arm can be realized or not is decided by the maneuvers of
the land vehicle and the measurement accuracy of the gyro-
scope. Chen et al [16] addressed the accurate estimation of
IMU misalignment by fusing the GNSS/SINS integrated pos-
ition with a dead reckoning (DR) through a straight forward
Kalman filter, where the DR is realized by the GNSS/SINS
integrated attitude and traveled distance. This research repor-
ted that compared with the existing velocity-level observation-
based method, the position-level observation might achieve
better accuracy. However, the velocity compensation of the
lever arm was not elaborated, especially when the odometer
was mounted on the steering wheel instead of non-steering
wheel. Moreover, the lateral velocity is mostly ignored in the
existing literature when applying NHC during turning man-
euvers. Gao and Zhao [22] utilized the context awareness tech-
nology to distinguish the vehicle’s motion behavior, and only
applied NHC when a rectilinear motion was detected. How-
ever, it is difficult to maintain a rigorous rectilinear motion in
the real road environment, and the existence of lateral velocity
may lead to residual observation errors in the application of
NHC. Therefore, a comprehensive calibration and compensa-
tion strategy is necessary to improve the fusion performance
when the odometer is integrated with a low-cost MEMS-based
IMU.

Motivated by the above literature, an improved decentral-
ized GNSS/SINS/odometer fusion system with a comprehens-
ive calibration and compensation strategy for land vehicle
is studied here to improve the positioning performance in
GNSS-denied environments, which can selectively work in
two modes: GNSS/SINS fusion mode and SINS/odometer
fusion mode. The GNSS/SINS fusion mode will provide pos-
itioning service and simultaneously calibrate the odometer
scale factor and IMU misalignment when GNSS signals are
available. Whereas, when GNSS signals are poor or unavail-
able, the SINS/odometer fusion mode will be switched on
to offer a positioning solution and the calibrated paramet-
ers are utilized to improve positioning accuracy. To facilit-
ate the fusion procedure and fault detection and isolation,
a decentralized fusion system architecture is designed. In
addition, a sequential Kalman filter is adopted to improve
the computing efficiency, which can avoid the calculation of
high-order inverse matrix by processing the observation one
by one [24, 25]. The main contributions are summarized as
follows.

e A real time calibration algorithm for the low-cost
GNSS/SINS/odometer fusion system is proposed based on
the establishment of an odometer position error propagation
equation. It can achieve more accurate estimation of the
odometer scale factor and the IMU misalignment compared
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with the traditional calibration method using the velocity-
level observation.

e A velocity compensation model according to the Acker-
mann steering geometry is provided to achieve a more accur-
ate odometer velocity observation. It can not only eliminate
the forward velocity error caused by the unobservable lever
arm, but also mitigate the always neglected lateral velocity
error when applying the NHC.

e A decentralized fusion system architecture combined with
the sequential Kalman filter is designed to facilitate the
fusion of multi-source information. As a result, a better posi-
tioning performance is obtained no matter GNSS signals are
available or not compared with the centralized structure.

The odometer position error propagation equation and
the real time calibration algorithm are first introduced,
followed by the velocity compensation model. Then, the
designed decentralized GNSS/SINS/odometer fusion system
and sequential Kalman filter are elaborated. Finally, the results
of a real car experiment and detailed analysis are presented.

2. Real time calibration algorithm

DR algorithm and the establishment of odometer position error
propagation equation are presented in this section, followed
by the calibration algorithm, which can estimate the odometer
scale factor error and IMU misalignment error in real time.
The coordinate frame used here are the VBF (b-frame) with
three axes pointing to the front, right, and down (FRD) dir-
ection, the inertial sensor frame (m-frame) with three axes
pointing to the FRD direction, the inertial frame (i-frame), the
navigation frame (n-frame), and the earth-centered earth-fixed
frame (e-frame). The definition, transform matrices and illus-
tration of these coordinate frames can be found in [26].

2.1 Dead reckoning

An odometer or a wheel encoder can be installed on any wheel
center or any axle center of the vehicle. It is generally assumed
that an odometer measures the forward velocity of the vehicle,
and it can be combined with NHC to provide a 3D velocity
measurement. According to the assumption of NHC, the lat-
eral and vertical velocity components of the vehicle are close
to zero. Thus, the measurement model is given by

Vo=[Vo 0 0] =[kNo 0 0] (D)

where Vg denotes the velocity expressed in b-frame with the
subscript means that it is calculated by an odometer, V¢ repres-
ents the measured forward velocity, ko denotes the odometer
scale factor, and Ny denotes the impulse count. The theoretical
velocity expressed in n-frame is obtained as

Vo=Civh=CiCi[ Vo 0 0] )

m
where C; is the direction cosine matrix consisting of the
vehicle attitude ®, C,, is the IMU attitude matrix calculated by
SINS update, and C}' is the IMU misalignment matrix made

Figure 1. Relationship between the vehicle attitude and
misalignment angle.

up of the misalignment angle 7). The relationship between
the vehicle attitude and misalignment angle is illustrated in
figure 1, where 7ii-frame is the calculated navigation frame con-
taminated by the attitude error d¢, and b-frame is the calcu-
lated VBF contaminated by the misalignment error 677. When
IMU is well aligned and mounted, m-frame should coincide
with b-frame and Cy, is an identity matrix.

The position provided by the odometer is deduced from
the position differential equation. Let Lo(k— 1), Ao(k—1),
and Hp(k— 1) represent the longitude, latitude and height
provided by the odometer at epoch k — 1, thus the position at
k epoch is updated by [14]

_ n -
ON K
Ry j—1+Hop j—1
Lo
Por=| Xoj—1 |+ VoE At
Hp (Ryj—1+Hop g—1)cosLo j—1

n
L —Vob i i

3

where P (k) = [ Lox Xox Hox }T denotes the position
vector calculated by an odometer and expressed in n-frame at
k epoch, At is the sample interval, Ry, is the meridian radius,
Ry is the prime vertical radius, and Vy, Vg, and V,, denotes
the velocity component of V) in the north, east, and down dir-
ection, respectively.

2.2. Position error propagation equation

The scale factor of the odometer always varies with the vari-
ation of wheel diameter, which may be caused by the change
of temperature, tire pressure, load and land surface conditions.
Let §ko be the odometer scale factor error, then the velocity
measurement in (1) is calculated as

Vo= (ko+oko)No 0 0] =] (1+3ko)Vo 0 0]
4

where dko = ko /ko denotes the normalized odometer scale
factor error.

According to figure 1, the converted velocity in (2) may
contain errors due to the IMU misalignment error §7 and atti-
tude error d¢ in the direction cosine matrix C;. During the
calibration of IMU misalignment, the influence caused by an
attitude error is ignored since it has been corrected by the
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GNSS/SINS integrated system in advance. Thus, the direction
cosine matrix C} is only contaminated by the small IMU mis-
alignment error, and it should satisfy

C, =CpC, ~CrCy (15 + [mx]) (5)

where I is identity matrix, [cx] denotes the skew-symmetric
matrix obtained by the element of vector c.

Combining (4) and (5), the velocity expressed in n-frame
with errors of odometer scale factor and IMU misalignment is
achieved as

An Anab nom _

Vo =C, Vo~ CaCH (1 +0ko)Ls + [ x))VE  (6)
where the second order items are omitted. Then, subtract-
ing (2) from (6) leads to

Vi =Vo— Vo m —C [Vox]| o0 +koCiVE  (7)

where 0V}, denotes the velocity error calculated by an odo-
meter and expressed in n-frame.

Same as the SINS position errors dynamic [27], the position
error propagation equation of the odometer is obtained as

6Py = —[w! o x| 6Pl + 6V

_ (8)
~ — [wlox]0PY — Cp [Vox] om+ 5koCLVE,

where 0P is the position error calculated by an odometer and
expressed in n-frame, 6P, is the derivative of 6Pf, and w”,, is
the angular rate of n-frame with respect to e-frame expressed
in n-frame. The expansion of term [V, x| 7 in (8) is obtained
as

0 0 0 0Ny 0
[Vgx]&r): 0 0 —Vp oy | =Vo | —on,
0 Vo O on; on:

©))

where the misalignment error component d7), is omitted. Thus,
07y is unobservable and can be removed from (8) to simply the
equation.

2.3. State and observation equation

The calibration of the odometer scale factor and IMU mis-
alignment is processed by a Kalman filter. The error state vec-
tor Xo is comprised of 6Py, 67 = | o1y, 6n; }T, and ko,
where 077 and dkp are modeled as a constant and a random
walk process, respectively. The state equation is given by

. —[whox] —CiM CpVg 6P
Xo(1) = 0253 02x3  0xx; on
03 013 0 dko
0351
+ | 021 (10)
Wi,
0 0
where M = 0 —-Vp |, and Wi, is a white Gaussian
Vo 0
noise.

The first kind of observation used here is the position error,
which is given by
ZoGx =Py —Pis i =Hog kXox+V0G.k (1)
where Py is the position expressed in n-frame with the sub-
script means it is calculated by the GNSS/SINS integrated
system, Hogx = [ Is 033 | is the observation matrix, and
voc ~ N(03x1,Rpc) is the observation noise. To achieve good
performance, this observation can be applied when GNSS sig-
nals are available with high quality.
The second kind of observation is the velocity error derived

from the velocity assumption of NHC. Let f/b denote the cal-
culated vehicle velocity expressed in b-frame, and thus the
velocity error is given by

N ~ b

SVE=V' v =V vt = [V'x]on  (12)
where C’: = (I — [0 x])C2C™" denotes the transpose of C,
in (5). Accordingly, the observation equation is obtained as

|/ v
ZON,k: l " GSy,k NHCy,k ‘| :HON,kXO,k+VON,k (13)

b b
VGSz,k - VNHCz,k

where Vgsy and VgSZ are the velocity components of Vgs =
C Z Vg with V(g denotes the GNSS/SINS integrated vehicle
b

velocity, [ “i’;’”cy

] = 0,4 denotes the velocity constraint
NHCz

b
obtained by NHC, Hoy = [ O3 0 Vasx is the

013 Vg, 0
observation matrix, and voy ~ N(02x1,R0n) is the observa-
tion noise. This observation can be applied when the vehicle
conforms to NHC strictly. Moreover, it can be readily found
that only IMU misalignment is observable in (13), thus obser-
vation in (11) is essential to calibrate the scale factor.

It should be noted that the redundant observations shown
above are utilized selectively. The first kind of observation
is utilized when high-quality GNSS signals are received.
Whereas, the second kind of observation is utilized when a
rectilinear motion is detected. If two observations are both
available, sequential Kalman filter is applied to fuse these
observations.

3. Velocity compensation

In the classical calibration algorithm, the lever arm error is also
included in the state error vector and estimated by a Kalman
filter using a centralized system structure [23]. The observa-
tion equation of the centralized system is given by [23]

Zovi =~ CLoV" —CP[V"x] 6

_ (14)
+ [VPx] 6n — Sko VP — C) [win, <] 1"

where I"denotes the lever arm, and w”, denotes the angular
velocity of the IMU relative to the earth. It can be readily found
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Figure 2. The relative position and measured velocities of the IMU
and four odometers when the vehicle turns left according to the
Ackermann steering geometry.

that w?, may be close to zero and remain constant when the
land vehicle conforms to NHC and makes no turning man-
euvres. To achieve the estimation of lever arm error, a high-
precision gyroscope and some angular motions which violate
NHC are unavoidable. Therefore, for a low-cost MEMS-based
IMU, the velocity error caused by the lever arm is best com-
pensated by a tape measure and a compensation model.

Figure 2 illustrates the relative positions and measured
velocities of the IMU and four odometers when the vehicle
turns left according to the Ackermann steering geometry. The
rotation center O is on the extension cord of the rear axle.
Orr, Orp, Orp, and Ogp are the mounting centers of the four
odometers, respectively. Vg, Vgr, Vip, and Vgg are the cor-
responding measured velocities, respectively. O; and V; are
the mounting center and turning velocity of the IMU, respect-
ively. I denotes the lever arm between the IMU and the odo-
meter mounted on the right front wheel, which can be rep-
resented by the X-axis offset dx and Y-axis offset dy of the
IMU. It shows that the velocity measured at the center of
each wheel is different from the velocity measured at the
center of the IMU. Furthermore, the velocity of the steered
wheel does not point forward when the vehicle makes a turn,
which violates the assumption of the odometer measurement
model in (1). Therefore, the original velocity measured by
the odometer should be compensated to improve the fusion
performance.

3.1 Lever arm compensation for the odometer measurement

The odometer mounted on the center of the right front wheel is
taken as an example. When the vehicle turns left, the measured
velocity Vg is perpendicular to the turning radius rgr. From
figure 2, the forward velocity component at the center of the
right front wheel is obtained as

VRFx = VRFCOS QRF = VIZQF — UJ2di (15)

where d; represents the wheel base, w denotes the turning
angular rate, and 6 is the steering angle that satisfies

sin@Rp: @ = dLiw (16)
rre VEF

Let w™ denote the angular velocity measured by the IMU,
and thus w can be obtained by taking the absolute value of the
third element of C,’,’Iwm. Due to the existence of the lever arm,
the forward velocity component Vgg, does not coincide with
the forward velocity component at the center of the IMU. From
figure 2, the forward velocity component at the IMU center
obtained by the odometer mounted on the right front wheel is
calculated as

a7

d
Vi gp = Vicostp = Vipy — w (ZW - d)’>

where dy denotes the wheel track, and 6, is the steering angle
that satisfies

(%)~ (% -
cosl; = . .
T

(18)

Equation (17) is the velocity compensation model for the
odometer mounted on the right front wheel, and the compens-
ation model for the odometer mounted on the left front wheel
can be obtained similarly. Whereas, for the odometer moun-
ted on the non-steered wheel, only the second compensation
step is required since it has measured the forward velocity.
Moreover, when the vehicle turns right, the same result can be
obtained.

3.2. Lateral velocity compensation

As shown in figure 2, the lateral velocity component at the cen-
ter of the IMU is not zero when the vehicle is turning, which
violates the assumption of NHC adopted in the velocity meas-
urement model in (1). To apply the NHC accurately, the lat-
eral velocity component at the center of the IMU should be
removed from the converted velocity.

According to the geometric relationship in figure 2, the
absolute value of the lateral velocity component at the center
of the IMU can be calculated as follows

ddx _ w(dy —dx)

‘Vly‘ = V[Sil’l91 = V] (19)

ry

where the sign of Vj, is decided according to the turning
direction and the definition of VBE. By removing the lat-
eral velocity component from the converted velocity, the
application of NHC can be extended. Notable, to achieve
accurate compensation by (17) and (19), the drifts of the
gyroscope should be well processed. For example, heur-
istic drift reduction can be applied to reduce the drift of
gyro [22].
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4. Decentralized GNSS/SINS/odometer integrated
system

We design this GNSS/SINS/odometer resilient fusion system
as a decentralized system whose architecture is illustrated in
figure 3. The system can adaptively operate in two modes:
GNSS/SINS fusion mode and SINS/odometer fusion mode.
When GNSS signals are available, a Kalman filter based on the
observations from GNSS and MAC: is performed to provide
positioning service. Meanwhile, the state equation in (10)
and observations in (11) and (13) are utilized to calibrate the
odometer scale factor and IMU misalignment simultaneously.
Whereas, when GNSS signals are unavailable, the SINS/odo-
meter mode will be switched on to prevent the divergency
of SINS based on the observations from an odometer and
MAGCs. All multi-observations are processed by a sequential
Kalman filter. Notably, the motion detection module [22, 26]
in figure 3, which can identify the motion behavior of the land
vehicle, is the basis for realizing selective fusion of differ-
ent observations. Details of GNSS/SINS loosely-coupled (LC)
integrated system, SINS/odometer integrated system, motion
aided constraints and sequential Kalman filter are presented in
this section.

4.1. GNSS/SINS loosely-coupled integrated system

GNSS/SINS loosely-coupled integrated system is implemen-
ted by a Kalman filter on the basis of the traditional SINS error
dynamic. The state vector consisting of 15 SINS state errors is
given by

x@=[ @' o) 6" @ ")
(20)

where 6P", V", and ¢ are the position, velocity and atti-
tude errors of SINS, respectively, €” and V" are the gyro-
scope drift and accelerator bias expressed in m-frame, respect-
ively. The continuous state equation is constructed by ignoring
the second or high order errors of the standard SINS error
dynamic, and it is expressed as [28]

SP" = —w! x 6P" 4 §V"

en

V" == (2wl +wp) x V" + (Chf") x dp+ CpV"™
§p = —w! X Sp+Cle™
ém = Wem

Vm = WVm

2

where " denotes the specific force, w?, represents the angular
rate of n-frame with respect to e-frame expressed in n-frame,
w}, is the earth’s rotational velocity expressed in n-frame,
w) = wi, +wy, is the angular rate of n-frame with respect to
i-frame expressed in n-frame, wen and wy» are white Gaussian
noises.

Let I = | 1%, lgy g ]T denote the lever arm vector

pointing from the center of the IMU to the center of the GNSS

{GNSS;] < >

" Motion Detection
__________ L T
{ IMU Ho»  SINS Update
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Figure 3. System architecture.

antenna. Thus, the position and velocity of GNSS are com-
pensated as [8],

m
IIH lG\‘

ot (Rv+h)cosLg 5. 22)

PP |

Ve =V —C(Chuly) ¥ I 23)
where PZ and f/g represent the original position and velocity
provided by GNSS, respectively, and L denotes the latitude
obtained by GNSS. Finally, the discrete observation equations
at time k are given by

Zopy=Pgy —Pg = Hgp Xy +vepi (24)

Zovi =V — Vi =HoviXi +vovi (25)
where Py and Vg denote the position and velocity calcu-
lated by SINS, respectively, Hgp = [ I; 0341 ] and Hgy =
[ 0545 Iz 0349 ] are the observation matrices for posi-
tion and velocity, respectively, vgp ~ N(03x1,Rgp) and vgy ~
N(03x1,Rgv) represent the corresponding observation noise,
respectively.

4.2. SINS/odometer integrated system

When GNSS signals are unavailable, the velocity provided
by the odometer is utilized to mitigate the SINS errors by a
Kalman filter. The state equation is the same as that of the
GNSS/SINS LC integrated system. The observation equation
is obtained from the forward velocity error component. Not-
able, the velocity error expressed in the b-frame utilized here
is different from that in (12), since the error concerned here
is the attitude error rather than the IMU misalignment. There-
fore, the velocity error expressed in b-frame by omitting the
second order items is obtained as

VP =V vt

=ClC" (I 4 [0 x]) (V" 4 6V") — VP
~CPoV — CP V' <] d"

(26)
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~b -
where C, = C2C = CC" (I + [ x]) denotes the direc-
tion cosine matrix contaminated by the attitude error. Let
~ ~b N N A T
Ve=0Cv= [ Ve Vg, Vi } denote the SINS velocity
expressed in b-frame and it is contaminated by the attitude
error. According to (26), the observation equation is written
as

Zovi = fo,k — Vox(k) = Hov i Xk + vov i 27)
where Vo denotes the forward velocity provided by the
odometer, Hoy=[ 0ix3 A B 0y, | represents the

observation matrix with A = [ Cii Cpn Ci; } and B =
f/'lzélz - f/gyém Vi Ci3— %611 Vg’yéu — Vil },

N A b

C; is the [i,j] element of C

> and voy ~ N(0, Roy) denotes the
observation noise.

4.3. Motion aided constraints

MAC:s can provide virtual velocity observation according to
the motion and driving information of the vehicle to mitig-
ate SINS errors. Two general MACs, namely zero velocity
update (ZUPT) and NHC, are applied in this system. The state
equation is the same as the one used in the GNSS/SINS LC
integrated system.

ZUPT assumes that the velocity of the vehicle should be
zero when the vehicle is stationary. Thus, the observation
equation of ZUPT can be written as

Z7k=V5;— 031 =Hz Xy +vzi (28)
where Hy = [ 0553 I3 0349 ] represents the observation
matrix, and vz ~ N(03,Rz) denotes the observation noise.

The velocity assumption of NHC has been discussed in the
calibration procedure. The observation equation of NHC is
also obtained from the velocity error in (26), and it is given
by

Vb = Vb
Iy = ngv’k B V’ZHC"’]‘ =Hy Xy + vy (29)
Sz,k NHCz,k
where Hy=[ 0,3 A B 0, | denotes the obser-
. . Cy Cn Cy }
vation matrix with A= - N N and B=
{ Gy G Cs3

ViCyn—VECy VBCos—VECy  VECo— VEC
Vs.Cn— V5, Gz Vg C33 — Vi C31 Vg, C31 — Vg Cnp

>

C',j is the [i,j] element of é‘:, and vy ~ N(0,1,Ry) denotes
the observation noise. Observation equations in (27) and (29)
can be combined when the land vehicle conforms to NHC and
an odometer is utilized.

4.4. Sequential Kalman fiter

All multi-observations are processed by a sequential Kalman
filter, which can avoid the computation of high-dimensional
inverse matrices and facilitate the resilient fusion system. It

can be proved that the sequential processing is functionally
equivalent to the batch processing in the case of uncorrel-
ated observation noises, and it can save over 30% computation
compared to the batch processing.

Generally, the sequential Kalman filter can be applied to the
multi-information system which shares the same sate equation
and uncorrelated observation noises. If there are M sensors in
the system, the system model of the multi-information fusion
system is written as

Xy =P/ 1 Xi—1 + T wi—
k k/k—1Xk—1 k/k—1Wk—1 30)
Ziy=H;; X;+vy
where i=1,...,M, X; € R" denotes the state vector at

epoch k, @ ,_; € R"*" represents the state transition matrix,
Tyjr—1 € R"*P denotes the system noise distribution matrix,
wi—1 € R is the system noise, Z; , € R™, H;; € ®™*" and
vir € 1™ represent the observation, observation matrix and
observation noise of the i -th sensor, respectively.

The sequential processing at each epoch is implemented
with the following steps.

Step 1: Time update

X1 = Rrjr—1 X 31)
Pijic1 =@ 1P ® 1+ D1 @ Ty

where X /k—1 denotes the one-stage predicted state vector,
Xi_1 denotes the estimated state vector in the previous epoch,
Py represents the predicted state error covariance matrix,
P;._ is the state error covariance matrix in the previous epoch,
and Q;_, € R”*? denotes the system noise covariance.

Step 2: Initialization of the observation update loop

{X(),k = Xk/kfl

(32)
Pox =Py

where Xo’k and P are the initial state vector and initial
state error covariance matrix of the observation update loop,
respectively.

Step 3: Observation update loop for each observation

K= Pifl,kH}:k(Hi,kPifl,ksz +Ri)"!

X=X 12+ Kin(Zig—Hi X1 3)
Piy=I—Ki H;;)P;_

(33)

where i denotes the index increased from 1 to M, K; rep-

resents the Kalman gain matrix of the i-th observation, and

R; ; € R™>*™ is the noise covariance of the i-th observation.
Step 4: Acquisition of the observation update result

X, =Xy (34)
Py =Py

where X, « and Py, are the estimated state vector and state error
covariance matrix in this epoch, respectively.

Benefit from the decentralized system architecture and
sequential Kalman filter, the multi-source information fusion
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system can conveniently process different observations in dif-
ferent driving environments.

5. Experimental validation and analysis

A real road test was carried out in Guangzhou to verify
the effectiveness of the proposed system. As is shown in
figure 4, there are lots of highway overpasses, elevated walk-
ways, dense trees and tunnels on the route, which helps to
construct the required experimental scenario including GNSS
open areas and GNSS signals blocked areas. The whole exper-
iment takes 1460 s, and there is a stationary state of 380 s at the
beginning. The two tunnels on the route are about 1.6 km long
(the Clifford Tunnel) and 1.2 km long (the Zhongcun Tunnel),
respectively.

The reference system comprises a fiber optic gyro IMU
(KVH1750, 200 Hz) and a GNSS receiver (Trimble BD990,
1 Hz). The reference solution is generated in differential
mode by the commercial software (Inertial Explorer) at the
rate of 1 Hz, and its positioning and attitude measurement
accuracies are claimed to be at the centimeter-level and 0.015°,
respectively.

The evaluated system uses a MEMS-based IMU (ADIS
16505, 100 Hz), a GNSS receiver (UBLOX-F9P, 1 Hz) and
a wheel encoder (20 Hz). The main physical characteristics of
the ADIS 16505 IMU are summarized in table 1. The wheel
encoder is installed on the center of the right front wheel,
which can maintain a velocity measurement accuracy better
than 0.2 m s~!. The number of satellites observed by the eval-
uated system is presented in figure 5. As is shown in figure 5,
the GNSS signals are relatively poor at the first 100 s after the
car starts to move. Besides, the GNSS signals are totally cut
off for 88 s (885 s-972 s) and 68 s (1019 s-1086 s) when the
vehicle goes through two tunnels, respectively.

5.1. Real time calibration and compensation

The calibration and compensation results are presented in this
section. To elaborate the effectiveness of the proposed method,
the estimation results are compared with the results obtained
by the centralized method using velocity-level observation in
[23]. In the centralized structure, the state vector consists of
15-dimentional SINS error state and 6-dimentional odometer
error state. The observation is made up of the velocity error
calculated by the SINS and odometer in the b-frame in (14), as
well as the position and velocity error calculated by the SINS
and GNSS in the n-frame.

The initial scale factor is set as 1 and the calibration begins
at 391 s. Figure 6 shows the odometer scale factor estim-
ated by the centralized and decentralized method, respectively.
As plotted by red lines in figure 6, the odometer scale factor
estimated by the decentralized structure using the position-
level observation converges rapidly and steadily. Although the
centralized structure can estimate the scale factor through the
velocity-level observation no matter GNSS signals are avail-
able or not, the velocity provided by the low-cost SINS is
not accurate enough to calibrate the odometer scale factor

precisely. Especially, when GNSS signals are cut off, the velo-
city information provided by the stand-alone SINS may result
in incorrect estimation of the odometer scale factor, which is
shown in the grey block. Thus, to achieve accurate estimation
of the scale factor for the application of low-cost GNSS/SIN-
S/odometer fusion system, the decentralized structure using
position-level observation is more suitable.

The IMU misalignment estimations are shown in figure 7.
Compared with the centralized structure, the decentralized
system can estimate the IMU misalignment more rapidly by
using the GNSS/SINS integrated position information as the
observation. It shows that the Y-axis misalignment and Z-axis
misalignment converge at about 2.25° and 0.5°, respectively,
which demonstrates that the IMU is not perfectly mounted.
Directly converting the velocity provided by an odometer or
NHC using the direction cosine matrix may result in signi-
ficant vertical and horizontal velocity errors. The Z-axis mis-
alignment estimation accuracy of the decentralized system
may be slightly worse since the calibration may be suspen-
ded during several turning sections where GNSS signals are
unavailable. Therefore, to estimate Z-axis misalignment more
accurately, enough turning maneuvers in GNSS open areas are
required.

Figure 8 presents the curve of estimated lever arm obtained
by the traditional centralized method. The measured lever
arm is [3.196, 0.964, 0.82] m. However, the estimated result
is around zero, which indicates that the small coefficient of
the lever arm error state in the centralized structure makes it
difficult to estimate the real value. Moreover, the unobserv-
able error state may influence the convergence process when
GNSS signals are poor. In other words, the velocity error
caused by the lever arm should be compensated by a velo-
city model instead of a real-time estimation when using a low-
cost SINS. To verify this claim, the forward velocity errors
obtained respectively by calibrating the odometer scale factor
and compensating the lever arm, are compared in figure 9. It
shows that by compensating the lever arm, the forward velo-
city error is mitigated when the vehicle turns. Moreover, from
the raw forward velocity error plotted by the black line, it
can be concluded that the odometer scale factor error has a
greater impact on the velocity estimation accuracy since it
brings mean velocity error of about 0.2 m s~!. Statistical res-
ults of the forward velocity errors are presented in table 2. The
root-mean-square error (RMSE) is improved by 56.3% after
the calibration of odometer scale factor and finally improved
by 62.5% after both the calibration of odometer scale factor
and the compensation of lever arm.

5.2. Performance of the GNSS/SINS/odometer fusion system

Positioning result and discussions of the proposed GNSS/SIN-
S/odometer resilient fusion system are presented in this
section.

Figure 10 presents the positioning result of the central-
ized system and that of the decentralized fusion system at
two tunnels, where GNSS signals are totally unavailable. It
shows that benefiting from the decentralized structure, the
calculated trajectory can track the referenced trajectory more
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Figure 4. Car test route, road environments, and number of satellites received by the reference system.

Table 1. Main physical characteristics of the ADIS 16 505 IMU.

Parameter Gyroscope Accelerometer
In-run bias stability (10) <2.3°h7! <44 x 103 ms™2
Angular random walk (10) <0.19°vhr~!  0.012m s 'Whr
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Figure 5. Number of satellites observed by the evaluated system.

exactly at two tunnels. Figure 11 demonstrates the position-
ing errors of two system structures during the whole traject-
ory. The blue line indicates that the fusion of GNSS, SINS
and odometer information in the centralized structure influ-
ences the convergence of the positioning error when GNSS
signals are available. Moreover, the calibration of odometer
scale factor during GNSS signal outages by the centralized
system cannot obtain satisfactory performance on the hori-
zontal direction. However, the proposed decentralized system
achieves better performance when GNSS signals are unavail-
able by directly using the previously estimated parameters.
Although the centralized structure can artificially suspend the
feedback correction of the parameters during GNSS signals
outages, the previously estimated value may be inaccurate due
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Figure 6. Comparison of the estimation results of the odometer
scale factor.

to the velocity-level observation it used, and it may influence
the estimation of other error states. The positioning RMSE
during the whole trajectory is summarized in table 3. It shows
that compared with the centralized structure, the positioning
RMSE in the east and north direction are improved by 78.5%
and 80.4%, respectively. Table 4 summarizes the average pos-
itioning RMSE at two tunnels. It shows that the average hori-
zontal positioning RMSE at two tunnels has been mitigated
from 7.46 m to 0.93 m by the decentralized fusion structure,
which verifies the effectiveness of the proposed system in short
GNSS signal blockage environment.

Figure 12 shows the comparison of velocity errors of
two system structure during the whole trajectory. It is
demonstrated that the horizontal velocity in the centralized
system has a relatively larger error in GNSS-denied environ-
ment, which is caused by the misestimated odometer scale
factor obtained by the inaccurate velocity-level observation.
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Figure 8. Estimation result of the lever arm obtained by the
centralized method.

Furthermore, the velocity error converges slower than that in
the decentralized system. However, a relatively small hori-
zontal velocity error is achieved by the decentralized system
when GNSS signals are unavailable by utilizing the previ-
ously estimated odometer scale factor. Statistical results in
table 5 show that the velocity RMSE in the north and east dir-
ection have been reduced from 0.25 m s~! and 0.28 m s~!
to 0.06 m s~! and 0.06 m s~! by the decentralized system,
respectively.

Figure 13 illustrates the comparison of attitude errors of
two system structure during the whole trajectory. It indicates
that the proposed decentralized system structure has a relative
better performance on the estimation of pitch and roll angles.
Whereas, the centralized structure has a better performance

051 ¢ o - Raw measurement '
04l P Calibration for scale factor
Lo +-~ Compensation for lever arm '

Forward velocity error (m/s)

f? .
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Figure 9. Comparison of the forward velocity errors.

Table 2. Estimation errors of the forward velocity.

Errors (ms™") RMSE Improve
Raw 0.16 —
Scale factor 0.07 56.3%
Scale factor and lever arm 0.06 62.5%
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Figure 10. Comparison of the positioning results at two tunnels.

on the estimation of yaw angle at the end of the trajectory.
The reason is that the Z-axis IMU misalignment can still be
estimated by the centralized structure when turning maneuvers
occur during GNSS signal outages. It should be pointed that
the decentralized system can also obtain a good estimation of
yaw angle as long as enough turning maneuvers occur when
GNSS signals are available. Table 6 shows that the pitch and
roll attitude RMSE have been mitigated from 0.65° and 0.48°
to 0.28° and 0.26° by the decentralized system, respectively.
To sum up, the centralized structure is not feasible for
a low-cost GNSS/SINS/odometer integration system since it
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Figure 11. Comparison of the positioning errors in the north, east
and up direction during the whole trajectory.

Table 3. Comparison of the position RMSE during the whole
trajectory.

RMSE (m) Centralized Decentralized Improve
North 1.72 0.37 78.5%
East 2.40 0.47 80.4%
Horizontal 2.95 0.59 80.0%

Table 4. Comparison of the average positioning RMSE at two
tunnels.

RMSE (m) Centralized Decentralized Improve
North 3.78 0.51 86.5%
East 6.11 0.77 87.4%
Horizontal 7.46 0.93 87.5%

not only influences the convergence of the error state but
also cannot provide enough accurate velocity-level observa-
tion to calibrate the odometer scale factor even when GNSS
signals are available. The decentralized structure can achieve
a better performance on the estimation of position and velo-
city no matter the GNSS signals are available or not. It cal-
ibrates the parameters through accurate GNSS/SINS integ-
rated position information when GNSS signals are available
and applies these parameters in SINS/odometer system during
GNSS signals outages. Notably, to obtain better Z-axis mis-
alignment and yaw estimation, enough turning maneuvers are
required for the decentralized system when GNSS signals are
available.

To illustrate the necessity of the lateral velocity compensa-
tion when applying NHC, comparison of the velocity errors
and position errors at the Clifford tunnel are presented in
figures 14 and 15, respectively. It can be seen from figure 4
that there is an east-west curve at the entrance of the Clifford
tunnel, hence the lateral velocity component of the vehicle
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Figure 12. Comparison of the velocity errors in the north, east and
up direction during the whole trajectory.

Table 5. Comparison of the velocity RMSE during the whole
trajectory.

RMSE (ms™!) Centralized Decentralized Improve
North 0.25 0.06 76.0%
East 0.28 0.06 78.6%
Up 0.07 0.06 14.3%
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Figure 13. Comparison of the attitude errors during the whole
trajectory.

should not be zero. As is shown in figures 14 and 15, the
velocity error and position error in the north direction have
been significantly mitigated with the compensation of lateral
velocity component. Tables 7 and 8 present the velocity and
position RMSE, respectively. It shows that with the compens-
ation of lateral velocity component when applying NHC, the
velocity and position accuracy in the north direction have been
improved by 44.9% and 66.5%, respectively. Therefore, the
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Table 6. Comparison of the attitude RMSE during the whole
trajectory.

Table 7. Comparison of the velocity RMSE with and without lateral
velocity compensation at the Clifford tunnel.

RMSE (°) Centralized Decentralized Improve
Yaw 0.28 0.35 /
Pitch 0.65 0.28 56.9%
Roll 0.48 0.26 45.8%

Without With
RMSE (ms™!) compensation compensation Improve
North 0.049 0.027 44.9%
East 0.038 0.036 5.3%
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Figure 14. Comparison of the velocity errors with and without
lateral velocity compensation at the Clifford tunnel.
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Figure 15. Comparison of the positioning errors with and without
lateral velocity compensation at the Clifford tunnel.

lateral velocity compensation model can significantly mitigate
the velocity and position errors when NHC is combined with
an odometer to provide 3D velocity constraint during turning
maneuvres.

Table 8. Comparison of the position RMSE with and without
lateral velocity compensation at the Clifford tunnel.

Without With
RMSE (m) compensation compensation Improve
North 2.12 0.71 66.5%
East 1.33 0.90 32.3%
Horizontal 2.51 1.14 54.6%

6. Conclusions

In this paper, we attempt to improve the performance of the
low-cost GNSS/SINS integrated land vehicle navigation sys-
tem in a GNSS-denied environment by selectively combin-
ing the measurements from the odometer and motion aided
constraints. To achieve high precision, a real-time calibra-
tion algorithm based on the odometer position error propaga-
tion equation is proposed, which can estimate both the odo-
meter scale factor and IMU misalignment when high-quality
GNSS signals are available. Meanwhile, a velocity compensa-
tion model is established to compensate the velocity measure-
ment errors generated by the lever arm and turning motions.
To facilitate the selective fusion of multi-source information,
a decentralized system architecture is designed and a sequen-
tial Kalman filter is adopted. The real car experiment veri-
fies the effectiveness of the proposed calibration and com-
pensation strategy. It shows that the average horizontal pos-
itioning RMSE is 0.93 m when GNSS signals are cut off for
88 s and 68 s at two tunnels, which proves that the designed
GNSS/SINS/odometer fusion system can maintain a 2D posi-
tioning RMSE of one-meter level in short GNSS-denied envir-
onments. Compared with the traditional centralized structure,
the designed decentralized system has better performance no
matter GNSS signals are available or unavailable. This study
is meaningful for the application of low-cost land vehicle nav-
igation systems in complex urban environments. To further
improve the horizontal positioning performance, we will study
the fusion system implemented by multi-odometers in future
work.
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