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ABSTRACT The autonomous navigation technology of INS has always attracted the attention of many
scholars. In satellite-denied environment, making full use of the auxiliary sensors with autonomous
characteristics can suppress the dynamic error generated by INS in autonomous navigation effectively.
However, auxiliary sensors like an odometer (OD) and laser doppler velocimeter (LDV) will cause instability
to the navigation system. To solve the above problems, we propose an improved autonomous inerital-
based integrated navigation scheme utilizing vehicle motion recognition. The main research work can be
summarized as: (1) Non-holonomic constrained velocity model and tri-axis zero velocity model has been
established for inertial-based integrated navigation model. (2) Vehicle motion state recognition method has
been proposed utilizing the IMU data. As shown in the experimental results, the proposed method can
estimate the IMU biases and increase the positioning accuracy effectively as compared with the traditional

methods.

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

backtracking.

I. INTRODUCTION

The autonomous navigation technology of strapdown inertial
navigation system (INS) has always attracted the attention of
many scholars [1], [2], [3]. In satellite-denied environment,
making full use of the auxiliary sensors with autonomous
characteristics can effectively suppress the dynamic error
generated by the INS in autonomous navigation. In addition
to the aforementioned odometer, auxiliary sensors that can
provide autonomous information in the land field also
includes electronic maps and barometric altimeters (BA).
The electronic map can provide accurate track information,
and the barometric altimeter can stably provide high-
precision elevation information, thus making it possible for
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INS to provide higher-precision positioning and navigation.
In addition, when the use of various auxiliary sensors
is limited, velocity constraints are an important auxiliary
means of INS, including Tri-axis Zero Velocity (TZV) and
vehicle kinematics constraints (also known as non-holonomic
constraints, Non-Holonomic Constraints, NHC) [4], [5].
Therefore, based on various auxiliary observation informa-
tion, it is of great significance to study the autonomous
navigation method of INS in the satellite-denied environment
to realize multi-mode and multi-task autonomous navigation
and improve the positioning accuracy of long-distance land
navigation [6], [7].

In the application field of autonomous navigation that does
not depend on satellite navigation, the navigation error of INS
accumulates with time, so INS needs to introduce external
auxiliary information to realize autonomous navigation.
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104806

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0009-0000-8972-5208
https://orcid.org/0000-0003-4895-8413
https://orcid.org/0000-0001-8482-4047
https://orcid.org/0000-0001-6170-0463
https://orcid.org/0000-0001-7710-3073

P. Yu et al.: Improved Autonomous Inertial-Based Integrated Navigation Scheme

IEEE Access

As a typical INS autonomous navigation method, zero-
velocity correction has been widely used in engineering.
The commonly used methods include the curve fitting
method [8] and Kalman filtering method [9]. Since zero
velocity correction is based on the curve fitting method, the
scheme ignores the coupling between inertial navigation error
propagation channels and cannot reflect the change in the
internal state of the system. The Kalman filter method is
based on the optimal state estimation of the inertial navigation
system error model, so it has been widely used. Among
foreign land inertial navigation products, Draper’s APTS
series adopts a 20-dimensional state real-time Kalman filter,
Honeywell’s GEO-SPIN series adopts a 27-dimensional state
real-time Kalman filter and adds a smoothing filter algorithm;
Ferranti’s FILS series adopts 10-dimensional state The LASS
series of Litton Company adopts the real-time Kalman filter
of “14+4” dimensional state to correct the horizontal error
and vertical error respectively [10]; in 2001, Dissanayake
proposed the vehicle kinematics constraint concept, and use
it as auxiliary information for low-precision SINS when GPS
is out of lock [11]; The introduction of onboard Dynamic
Zero Velocity Update (DZUPT) provides a new idea for the
zero-velocity correction of SINS, but does not mention how
to carry out effective vehicle motion state detection [12].

In addition to zero velocity correction, INS has many other
autonomous navigation methods. Among them, the odometer
and barometric altimeter with independent characteristics is
typical external auxiliary sensors of INS. Due to the sensitive
technical information involved, many countries (like USA,
German, France, etc) only disclose the technical indicators
of INS/OD autonomous navigation and do not disclose
technical details. Many domestic scholars have done a lot
of research in this field. In 2006, Yan et al. systematically
summarized the numerical update algorithm of SINS and
dead reckoning system, and derived the SINS/OD integrated
navigation error model. To improve the system’s fault
tolerance and reduce the amount of calculation, Fu et al.
proposed the SINS/OD incremental integrated navigation
method, and established the odometer incremental error
model [13], [14], and introduced the BA to provide elevation
information. Due to the constraints of inertial sensors’
accuracy, mileage measurement accuracy, and driving road
conditions, there is limited room for improvement in the
horizontal positioning accuracy of the INS/OD autonomous
navigation system. In recent years, with the development
of computer technology and the popularization of map
navigation, the geographic information system based on
electronic maps has been gradually improved. Since the
digital information of electronic maps can be stored in
hardware in advance, INS/map matching (Map Matching,
MM ) can also be used as an autonomous navigation
method. Currently, map matching algorithms include point-
to-point matching algorithm [15], point-to-line matching
algorithm [16], line-to-line matching algorithm [17], filtering
algorithm [18], probabilistic Algorithm [19], fuzzy logic
algorithm [20], etc. Many scholars have utilized NHC method
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in complex integrated navigation systems. Won et al. utilized
magnetometer with NHC method for vehicular navigation
system [21]. Wang et al. utilized NHC method in INS/GNSS
tightly coupled integrated navigation system to improve the
navigation accuracy [22]. In [23], the authors analyzed the
prerequisite of NHC method and use the NHC method
in satellite-denied areas. Zhao and Quan used regularized
softmax regression in GNSS/INS integrated navigation
system with NHC method [24]. However, the above methods
cannot eliminate the radial error and vertical error of INS
along the road at the same time, and a more effective method
needs to be further studied.

However, the auxiliary sensors will cause instability in
the navigation system. The skidding and sideslipping of the
vehicle will have a greater side effect in the process of
odometer integrated navigation. The failure of the odometer
will also have a great impact on the navigation accuracy.
As for map-matching, first, map matching has a certain
accuracy rate, which cannot guarantee correct matching every
time; second, map matching relies on big data information,
and needs to be updated in real time, and the cost is
high; third, in some occasions, such as non-road operation,
in this case, map matching cannot be used. When the
odometer, barometric altimeter, electronic map, and other
external auxiliary equipment equipped with the vehicle
fail or the vehicle is not equipped with external auxiliary
equipment, the velocity constraint information can be used
to suppress the divergence of INS navigation accuracy.
Typical velocity constraints include TZV information and
NHC information. When the vehicle is stationary, the TZV
information is valid. At this time, the traditional zero-velocity
correction method can be used to correct the error of the
INS, but the shortcomings of the zero-velocity correction
are also obvious: the calibration residual error of the INS
is stimulated by the dynamic environment of the vehicle.
It will lead to the weakening of the velocity error propagation
law, the zero velocity correction of long time intervals
will lead to the nonlinearity of the model, and the zero
velocity correction of short time intervals will reduce the
maneuverability of the vehicle. When the vehicle is stationary
or does not jump or skid while the vehicle is running, the
NHC information will continue to be valid. The shortest
measurement information update sampling time can be set
to the INS data update sampling time. The measurement
update frequency is significantly increased, but when the
vehicle is long driving along a straight line will result in the
accumulation of longitudinal positioning errors in the body
coordinate system.

To solve the above problems, we propose an improved
autonomous inertial-based integrated navigation scheme
utilizing vehicle motion recognition. The main research
work can be summarized as: (1) Non-holonomic constrained
velocity model and tri-axis zero velocity model has been
established for inertial-based integrated navigation model.
(2) Vehicle motion state recognition method has been
proposed utilizing the IMU data. The novelty of this study
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lies in that we propose a stable judgment for the vehicle
motion state. A reliable motion state judgement can help
the autonomous integrated navigation system switch to a
reasonable working mode in time, so that improve the
navigation accuracy. Experimental results show that the
proposed method can effectively estimate the IMU biases,
and increase the positioning accuracy compared with the
traditional INS/NHC integrated navigation method.

The remainder of this paper is organized as follows:
Section II gives Non-holonomic constrained velocity model.
In section III, we propose the INS/TZV/NHC filtering
algorithm design based on vehicle motion recognition.
Vehicle experimental analysis is carried out in Section IV to
verify the effectiveness of the proposed method. In Section V,
we give the conclusions.

II. NON-HOLONOMIC CONSTRAINED VELOCITY MODEL
A. REFERENCE DEFINITIONS

In this paper, the reference frames in the proposed
INS/NHC/TZV algorithm which utilized are defined as the
following:

n frame: The East-North-Up geodetic orthogonal reference
frame, which is coincides with east-north-upward (E-N-U)
frame.

b frame: The inertial measurement unit (IMU) orthogonal
frame aligned with IMU’s Right-Forth-Up axes, and we
described it as body frame in this paper, the x-axis is coincides
with the sensitive axis of x-gyroscope.

m frame: The experimental car Right-Forth-Up orthogonal
frame, which is also known as vehicle frame in this paper.

To complete the establishment of the state space model of
the strapdown INS/TZV/NHC autonomous navigation sys-
tem, it is first necessary to establish a velocity measurement
model with non-holonomic constraints. When the INS is
installed on the vehicle, if the vehicle does not slip or jump
during driving, the condition of the non-holonomic constraint
is satisfied, that is, the velocity measurement point Oy of
the non-holonomic constraint is in the axis ox,, and axis oz,
direction of the vehicle body coordinate system. v}; denotes
the velocity of the vehicle projected in m-frame. The sum
of the velocity projection components vy, and v%y are 0,
as shown in FIG.1. Therefore, virtual velocity observations
in both directions can still be obtained while the vehicle is
moving.

Considering the influence of the installation deviation
angles &g, &y, and the installation lever arm iZ, the projection
component #y; of the INS solution velocity ¥; at the point Oy
in the vehicle body coordinate system (m-frame) is shown in
the following equation:

o= OO+ Wb, x Ly )
where Co=Cl[I + (¢"x)], Cy=CI'[I + (Sax)] is the
installation matrix between INS and the vehicle.

~b ~b
Sar=[ ag 0 Sty ]T, L, = Lf{, + SLZ. C, denotes
the calculated attitude transform matrix from b-frame to
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n-frame with calculation errors (misalignment errors). wfb
denotes the angular velocity of the IMU in the e-frame.
b-frame denotes the body frame of the IMU, and n-frame
is the navigation frame which coincides with East-North-
Upward (E-N-U). e-frame denotes Earth-Centered Earth
Fixed (ECEF) orthogonal reference frame.

Considering the above errors, we can obtain:

Vi = Cp L + (Bax)1Ch [1+ (6" )] (v] + ov])
+ a)le’b X (LZ + SLZ)
~ (CZ’sz;’ + @l x LZ) +Crctsvt
+ CPICh (9" x) v} + C}! (Sarx) Cov} + by x SLY,
=i+ CPChsv! — CpCh (vix) ¢"
-cy (sz}') x S + @b, x SLY
=V A+ My1¢" + Mpyadv + Mpsde + MysSLY,
@)

where  Mpy= - CpCh (v} x) M y=C'C M 3=
— C7 (Chv1) x M ya=w’, x, and 8¥};; can be described as:

VI =Mp1¢" + M8V +Mpsde +MpysSLY  (3)

So far, the velocity measurement model with non-
holonomic constraints has been established.

Ill. INS/TZV/NHC FILTERING ALGORITHM DESIGN
BASED ON VEHICLE MOTION RECOGNITION

A. INS/TZV/NHC AUTONOMOUS NAVIGATION

STATE SPACE MODEL

When carrying out INS/TZV/NHC error modeling, on the
basis of the traditional 15-dimensional zero-velocity cor-
rected Kalman filter [26], consider the azimuth installation
deflection angle oy, and pitch installation deflection angle
dap between the INS and the vehicle body [27], and the
strapdown The installation lever arm error 6Ly between
INS and the equivalent kinematic constraint measurement
point Oy [28], the state space model can be expanded to
20 dimensions, and the state vector X 7 is as follows:

X = @ (o))" 6p)”
T T T
()" (V)" sp 80ty s | @

In the INS/TZV/NHC autonomous navigation state equa-
tion, Fry is defined as the state transition matrix, Gn;
is the system noise driving matrix, and Wyy=[ &5, V5 ]
is the system excitation noise matrix. The INS/TZV/NHC
autonomous navigation state equation can be expressed as:

X1y = FruXtn + GmuWry (5)
—C} 03x3
where Fry= |:1(V)15X15 0015><5 ], Gra=| 033 C; |.The
5x15 5%5 014><6

detailed elements of F7y are shown in [25].
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FIGURE 1. Schematic diagram of the relationship between INS and vehicle kinematics constraint
installation.

When constructing INS/TZV/NHC autonomous naviga-
tion measurement equations, TZV information and NHC
information should be considered as the timing of mea-
surement: when the vehicle is stationary, TZV information
is valid; when the vehicle is stationary or moving without
sideslip and jumping, the NHC information is valid, but
compared with the NHC information, the TZV information
constraints are more complete, so the TZV is used as the
measurement when the vehicle is stationary; The noise of
NHC information is relatively large, and the reliability is not
high, so it is not suitable for measurement and update. The
following introduces the measurement equations in the sta-
tionary state and the moving state of the vehicle respectively,
laying the foundation for the subsequent INS/TZV/NHC
filter algorithm design based on the detection of the moving
state of the vehicle.

(1) INS/TZV Autonomous Navigation Measurement
Equation in Static Vehicle State: The TZV information is
valid when the vehicle is stationary, and the difference
between the strapdown INS real-time calculated velocity
[#, ¥ 7, ] and the TZV information is used as a
measurement to obtain:

o o n
VIE 0 ViE Svig
— on _ — =n — '
Zr= Y{,N 0= \:{lN = (SV{zN (6)
Viu 0 Viu Sviy

INS/TZV autonomous navigation measurement equation
is recorded as:

Zr =HrXty +Vr N

where Vr represents the measurement noise of the TZV, Ry
is the noise variance matrix of the measurement noise V7; Hr
represents the measurement matrix, which can be expressed
according to Eq. (6) as:

Hr=[03x3 I3x3 03514 | )]

At this time, the dynamic error correction mode of INS is
zero velocity correction mode.

(2) INS/NHC autonomous navigation measurement equa-
tion in vehicle motion state:
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The NHC information is valid when the vehicle has no
sideslip, jump and fast azimuth maneuver. Taking the differ-
ence between the projection of the velocity [ ¥, . ]T of
the x axis and the z axis of the axis at the point Oy calculated
in real-time by the INS under the system and the vehicle
lateral and vertical zero-velocity constraint information as the
measurement, it is obtained as:

1 =m sm
SV VHIx 0 VHIx
~ b ib b Fb
_émel| Ve ~ WLy + @ L, 9
=CpCoul g [T _ b fb Lwb [P ©
v DepyHr T Pepxlmy
INS/NHC autonomous navigation measurement equation
is recorded as:

Zy =HyX7ty +Vy (10)

where Vy represents the measurement noise of NHC, Ry =
E [VH V1T1] represents the noise variance matrix Vg of the
measurement noise;Hy represents the measurement matrix,
which can be expressed according to Eq. (9) and Eq. (10):

Mpi(1,)) Mg2 (1,2)
My (1,) Mp>(3,0)

Mps(1,1) Mys(1,3) Mgs (1, 3)}
Mp3(3,1) My3(3,3) My4 (3, 2)

Hpy= 02x9

Y

At this time, the dynamic error correction mode of the INS
is the dynamic zero velocity correction mode.

B. VEHICLE MOTION STATE RECOGNITION

Vehicle motion state detection is particularly critical to the
selection of measurement equations. The vehicle motion state
detection criteria include the zero-velocity criterion and the
valid NHC information criterion, which will be introduced
respectively below.

(1) Zero velocity criterion 1-Heading Constraint Criterion
(HCO):

When the vehicle is stationary, the horizontal attitude of the
INS is easily affected by the external environment and people
getting on and off the vehicle, so it should not be used as
a zero-velocity criterion; the heading maintenance accuracy
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of the medium and high-precision INS is very high, and the
extreme value of the heading change in the sliding window
[tj_l , tj] can be introduced And a reasonable threshold is used
as the zero velocity criterion, that is, the heading constraint
criterion. Considering the impact of vehicle idling velocity
and the control accuracy of the shafting mechanism of the
indexing mechanism, the heading constraint threshold should
not exceed 0.1mil in the application of medium and high-
precision INS. The course constraint criterion includes two
sub-criteria, as shown in Eq. (12):

C11 : Yrpax — Ymin < AV (12)

C12 : Yrpax — Yrmin > 360° — Ayrgy,

In the formula, 1/~/max and &min represent the maximum
and minimum heading angles in the sliding window [#j_1, 1;]
respectively, and #; —t;_1 is usually taken as the measurement
period of the INS/TZV autonomous navigation system, and
Ty =t; — tj_1=1s is used in this section; Ay, is the heading
change threshold set in the sliding window [tj_l, tj]. It should
be pointed out that the situation C 12 is the critical state of the
heading angle definition domain. Before each measurement
update, if C11 and C12 one of the conditions is satisfied,
the INS can be considered to meet the course constraint
criterion, and the course constraint criterion is abbreviated as
Cl11 | C12.

(2) Zero velocity criterion 2—Inertial Information Con-
straint Criterion (IMCC)

When the vehicle is stationary, the gyroscope and the
accelerometer are mainly sensitive to the earth’s rotation
angular velocity information and the support force, in which
the support force is equal to the gravity mode and opposite
in direction; in addition, the gyro and the accelerometer
are respectively sensitive to the vibration angular velocity
when the vehicle is idling, and acceleration information.
Note that the modulus of the angular velocity informa-
tion of the gyroscope |(I)ibb (t,~)| and the specific force

information of the accelerometer |f of ()| at time within

ti(i=1,2,--,N) the sliding window [z;_1, ;] are:
2
hy @ =</[@@xaof-+[@&ya»] +[@h, @]

7 o] = [ @] + 7 @] + [ o]

where cbfh denotes the angular velocity in the i-frame

(13)

measured by the three gyroscopes. f;, is the specific force
in the i-frame by the three accelerometers.

The sampling information of the gyroscope and the
accelerometer at a certain moment in the actual project is the
angular increment information and the velocity incremental
information, which can be divided by the sampling time to
obtain the angular velocity information (rad/s) and specific
force information (m/s?).

The maximum and average values of the gyro and
accelerometer output in the sliding window [tj,l, tj] and a
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reasonable threshold are used as the zero velocity criterion,
that is, the inertial information constraint criterion. Infor-
mation is calculated, and on this basis, it can be adjusted
according to the actual vehicle dynamic environment. The
inertial information constraint criterion includes four sub-
criteria, as shown as follows:

. N |
C21: ‘a)lbb max:rfl:alx ‘wl};; )| < OTh, max
e = > |t
Cc22: wjp, mean_]v Zl Wjp @) < OTh, mean
i= 14)
~b N |=b (
C23: lfsf =max vsf ) <fTh,max
max i=1 ’
C|zb 1 al ~b
C24: V‘Yf mean:ﬁ Z]: V‘Vf (t:) <fTh,mean
i=

where |cbf’b|max and |c7)ibb|mmn represent the maximum mod-
ulus and average modulus output by the gyroscope in the
sliding window [#j—1, ;] respectively; wp, ... and @g, .00
represent the maximum angular velocity modulus threshold
and the average angular velocity modulus threshold set

and represent

in the sliding window; |f of
the maximum output of the accelerometer " the sliding
window The modulus value and the average modulus value;
Jrhmax A4 frp peqn, Tepresent the maximum acceleration
modulus threshold and the average acceleration modulus
threshold set in the sliding window, respectively. Before
each measurement update, if C21, C22, C23 and C24 are
simultaneously established, it can be considered that the
INS meets the inertial information constraint criterion, and
the inertial information constraint criterion is abbreviated as
C21&C22&C23&C24.

(3) NHC information criterion (NHC Criterion, NHCC)

In the field of land use, the horizontal attitude of the
vehicle is small. When the vehicle jumps under the condition
of large maneuvering, the measured specific force of the
INS’s z axial accelerometer f;z will change greatly, which

fs? can be judged by setting the high and low thresholds;
The sliding phenomenon is easy to occur when the vehicle
is maneuvering rapidly in azimuth. At this time, the absolute
value of the angular velocity |c7)f’bz| measured by the z axis
gyro is relatively large, and it can be judged by setting the
maximum angular velocity threshold |LDZ7Z | According to the
above two situations, the effective criterion of vehicle NHC

information is shown in Eq. (15):

N
1 -
. b b b
C31 'fThz,min < ﬁ z ,fsfz () <fThz,max
=1 (15)

N
1
. ~b . b

C32: ]v Z ’wibz ()| < OThz, max

i=1
where ff}z (t;) represents the measured specific force of the z
axial accelerometer at the sampling time f; (usually a positive

. . . . b b

value in actual situations); f, .., and fp;,. ... represent the
minimum and maximum thresholds of the specific force
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measured by the z axial accelerometer at each sampling time;
|d)f’bz (ti)‘ represents the absolute value of angular velocity
measured by the z axial gyroscope at the sampling time
ti; w’}hz’max represents the maximum threshold set by the z
axial gyro measurement angular velocity at each sampling
time. Before each measurement update, if C31 and C32 are
established at the same time, it can be considered that the INS
meets the NHCC test, and the condition for the establishment
of the NHCC test is abbreviated as C31&C32.

Combined with the above analysis, the flow chart of
INS/TZV/NHC filter algorithm design based on vehicle
motion state detection is shown in FIG.2. The vehicle motion
state detection part mainly includes HCC detection module,
IMCC detection module, and NHCC detection module. The
filtering part mainly includes INS/TZV measurement update,
INS/NHC measurement update, and INS/TZV/NHC time
update.

When the HCC test and IMCC test pass at the same time,
the vehicle is considered to be in a static state. At this time,
the measurement update can be performed at the INS/TZV
measurement update time point; otherwise, the vehicle is
moving. When the NHCC test passes, the NHC information
is displayed to be valid, the measurement update can be
performed at the INS/NHC measurement update time point at
this time; when the NHCC test fails, the NHC information is
considered invalid, and only the INS/TZV/NHC time update
is performed at this time.

Because the factors affecting navigation accuracy are
mainly IMU biases and attitude accuracy. We mainly analyze
the observability of the ¢", V? and &°. First, we have:

: sl —gpb + Vb
ZH%[ .I;}U“\:|=|: g¢}vh x

Z

(16)

When the vehicle does not have acceleration, it can be
seen directly and observable according to Eq. (16). When the
vehicle has azimuth maneuvering, the change of the attitude
matrix can be known and observed. so that V2 and V? can be
separated. Through coordinate system conversion, q’);'? can be
Observed, and the degree of observability is improved.

Similarly, we have:

3" = ¢ x &l + 80, — Cle? ~ —ol, x ¢ — Cle”

i 0 w;,sinl, —w,, cosL o Ef(’
=| —w,sinL 0 0 on | —Ch| e
|, cosL 0 0 b gé’
_¢,’\’,wiesinL — ¢, w,,cosL e
= —¢pw,, sinL — | ey (17)
i ¢pw;,cosL ey

Based on the theory of inertial navigation, since 2 and 8;?
cause the changes of ‘1’2 and ¢>}\’,, and the changes of qbg and
¢1’:, can only be reflected in the speed measurement after the
transformation of the attitude matrix, therefore, on the basis
of qbf, and ¢g being observable, 8)1? and ef still need a certain
time can be estimated, and the observability of sf is the worst.
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IV. VEHICLE EXPERIMENT ANALYSIS

A. EXPERIMENTAL SETUP

This experiment is aimed at prototype verification of INS/OD
autonomous navigation and INS/TZV/NHC autonomous
navigation. The accuracy of the gyroscopes is 0.01°/h, and
the accuracy of accelerometers is 50u.g. The GPS we utilize in
this experiment is with an accuracy of 1m (1o). The vehicle-
mounted platform for small passenger vehicles is shown in
FIG.3. The length, width, and height of the vehicle body
are about 5.3mx2.3mx2.0m; the INS attitude, velocity, and
vehicle trajectory are shown in FIG.4 (a) and FIG.4 (b)
respectively. As shown in FIG.4 (c), the vehicle is driving
on the Sixth Ring Road in Beijing, which is approximately
a closed-loop path (denoted as path 1). The total driving
distance is about 187km, the height difference is about 82m,
and the driving time is about 4.1h.

The starting point and ending point of path 2 are Qufu City
and Zhengding County respectively. The driving trajectory is
an open-loop path. The total driving distance is about 450km,
the height difference is about 200m, and the duration is
about 7.57h.

B. EXPERIMENT ANALYSIS OF PATH 1

At the start of INS/TZV/NHC autonomous navigation, the
error amounts of and are superimposed on the heading
installation error and pitch installation error respectively, and
the NHC installation lever arm is set to zero. INS keeps the
vehicle idle during the initial alignment period, and selects
the sliding window to calculate the HCC and IMCC detection
thresholds. The summary of vehicle motion state criterion
thresholds is shown in TABLE 1.

The experimental results of the INS/TZV/NHC error
parameter estimation prototype are shown in FIG.6. The
ccelerometer zero bias converges faster, and the final
estimation results of Vf, V;’, and Vé’ are 13.2ug, 5.6ug
and —24.2ug respectively, the horizontal gyro drift sf and
85 convergence rate is slower, and the final estimation results
of and are 0.0024°/h, respectively and -0.0023° /h. It can be
seen that the gyro drift and accelerometer bias estimation
results of INS/TZV/NHC autonomous navigation system and
INS/OD autonomous navigation system are relatively close.
After vehicle acceleration and deceleration maneuvers, the
heading installation error day and pitch installation error dog
converge rapidly, and the final estimation results are 10.2” and
—11.31 ", which are close to the initial superposition error;
the final estimation results of the NHC installation lever arm
8LI'flx, SLIb{y and SLZZ are —0.173m, 1.296m, and 1.330m,
respectively.

The experimental results of the INS/TZV/NHC
autonomous navigation results are shown in FIG.7. It can be
seen that the zero velocity criterion combined with HCC and
IMCC can well judge the zero-velocity state of the vehicle,
and the false detection rate is 0. Since the zero velocity
criterion and the set threshold are relatively strict, the system
will still determine that the vehicle is in a non-zero velocity
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FIGURE 2. Design flow chart of INS/TZV/NHC filter algorithm based on vehicle motion state detection.

FIGURE 3. Experimental Platform.

state for some situations where the vehicle is stationary but
shakes a lot. Since the system always satisfies condition C31,
the measured result of the z-axis accelerometer is no longer
given. It can be seen that most of the NHC information is
valid for part of the time, which is beneficial to suppress the
long-duration dynamic error of the INS.
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Comparing the INS/TZV/NHC autonomous navigation
method with the traditional INS/NHC autonomous naviga-
tion method, the eastward position error, northward position
error, horizontal position error, and elevation positioning
error are shown in FIG.7(a) and FIG.7(b) respectively,
FIG.7(c) and FIG.7(d). It can be seen intuitively that
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compared with the traditional INS/NHC autonomous naviga-
tion method, the proposed INS/TZV/NHC autonomous nav-
igation method has advantages in both horizontal position-
ing accuracy and elevation positioning accuracy. However,
during the period about 3000s to 5000s, the two methods
both show a more obvious error growth trend because the
vehicle approximately keeps driving along the west straight
line during this period, and there is no parking point,
resulting in the cumulative position error along the vehicle’s
driving direction because the IMU biases are not converge

VOLUME 11, 2023

during this period. The superior performance of the proposed
method during the period about 3000s to 5000s is because
before 3000s there exists two stopping points, which has a
good effect on error estimation when utilizing the proposed
method. The error obtained by joint INS/NHC autonomous
navigation is quickly corrected. Based on the above analysis,
it can be seen that without sensor assistance, it is beneficial to
make full use of TZV information to improve the positioning
accuracy of the system. In path 1, the RMSE of the east
position error, north position error and horizontal position

104813



IEEE Access

P. Yu et al.: Improved Autonomous Inertial-Based Integrated Navigation Scheme

TABLE 1. Summary of motion state criterion thresholds for vehicle-mounted experimental platform.

Motion recognition

pattern Detected parameters Thresholds
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FIGURE 7. Experimental results of INS/TZV/NHC autonomous navigation results (path 1).

error utilizing the proposed method are 19.85m, 10.14m and when the vehicle is static, which can verify the effectiveness

22.29m respectively, the RMSE of the east position error, of the vehicle motion state judgement criterion. When the
north position error and horizontal position error utilizing vehicle is maneuvering, the position error utilizing the
the traditional INS/NHC method are 34.14m, 48.51m and proposed method is still smaller than the traditional method.
59.31m respectively. This is because the criterion is more accurate, and the

Based on the results of experiment 1, the position error working mode of the INS is switched accurately, so as to
utilizing the proposed method do not increase with time obtain higher-precision positioning information. Hence, the

104814 VOLUME 11, 2023



P. Yu et al.: Improved Autonomous Inertial-Based Integrated Navigation Scheme

IEEE Access

150

150
(@) ® A
E 100 A ’ North - LA
ast A} Position b U V
Position r_’\ nw error
error(m) 50 \ V/« ‘VAW (m) 50 A\M |
0 . | - "Ji\"wu" ”
0 5000 10000 15000 20000 25000 30000 00 5000 10000 15000 20000 25000 30000
300 T 200
© : Lol (@ .
Horizontal 200 Position Ma—q )
Position Y N N ] error 100
B W a1, ™ /
. o /ﬁ
0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
Time (s) Time (s)

FIGURE 8. Experimental results of INS/TZV/NHC autonomous navigation results (path 2).

proposed method can achieve the accuracy level of dead
reckoning without using auxiliary sensors, and solves the
problem of judging the vehicle’s motion state.

C. EXPERIMENT ANALYSIS OF PATH 2

The experimental results of the INS/TZV/NHC autonomous
navigation prototype are shown in FIG.8. Among them,
the NHC information remains valid throughout the whole
process; there are many TZV information points, but the
time interval of TZV information remains above 50 minutes
after 3600s. At this time, the traditional ZUPT method is
no longer applicable. It can be seen from the positioning
error curve that in the three periods of 6550s-7300s, 13840s-
16350s and 21110s-21890s, the role of TZV information is
mainly to suppress The reason for the divergence of the INS
positioning error is that after a long period of maneuvering,
the observability has improved, and the error correction effect
of the TZV information is no longer significant. Therefore,
in this type of vehicle navigation scene, the INS/TZV/NHC
autonomous navigation method The achieved positioning
accuracy is still limited. According to the positioning
error statistics, the INS/TZV/NHC autonomous navigation
horizontal positioning accuracy is 80.63m (CEP), and the
elevation positioning accuracy is 67.78m (PE).

V. CONCLUSION

The autonomous navigation algorithm in satellite-denied
areas is an important problem in the field of land naviga-
tion. Aiming at the situation that the auxiliary equipment
cannot be used, the velocity measurement model with
non-integrity constraints is first introduced; on this basis,
an INS/TZV/NHC filter algorithm based on vehicle motion
state detection is proposed, through two zero velocity criteria
and one kind of NHC information criterion, independently
complete the switching of TZV and NHC measurement
information, and maximize the use of known measurement
information. Experimental results indicate that the proposed
method can improve positioning accuracy compared with
the traditional INS/NHC method, and it is more robust than
INS/OD combined navigation.
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However, In the case where the OD is working well, the
method proposed in this paper is still difficult to exceed
the INS/OD integrated navigation accuracy. We found that
the deformation of the vehicle shock absorber spring will
cause the installation error angle to change, which will cause
the accuracy to deteriorate. Therefore, we will study the
INS/NHC/TZV algorithm considering deformation in the
future to further improve the accuracy.
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