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ABSTRACT Motivated by the problem that water-track Doppler Velocity Log (DVL) cannot effectively
suppress the error accumulation of strap-down inertial navigation system (SINS), this paper proposes
a novel SINS/DVL integrated navigation algorithm for deep and long cruising range Human Occupied
Vehicle (HOV). Such algorithm decomposes the navigation process into two tightly coupled working modes:
alignment mode and navigation mode. In the alignment mode, HOV is controlled to perform horizontal
circular motion for several minutes to realize Self-Aided SINS. Combining the precise navigation solutions
provided by Self-Aided SINS and measurements from DVL with water track, recursive least square (RLS)
algorithm is adopted to estimate heading misalignment angle between SINS and DVL and horizontal ocean
current velocity. In the navigation mode, both horizontal ocean current velocity obtained in the alignment
mode and DVL measurements are utilized to assist SINS, thus enabling SINS/DVL/Current integrated
navigation. A square trajectory with a navigation-grade inertial measurement unit (IMU) is simulated to
evaluate the proposed SINS/DVL integrated navigation algorithm. Simulation results show that the proposed
SINS/DVL integrated navigation is capable of suppressing SINS error divergence effectively and efficiently.
In addition, the feasibility and effectiveness of Self-Aided SINS based on horizontal circular motion is also
verified by field test with real IMU data.

INDEX TERMS HOV, SINS, DVL, midwater navigation, self-aided SINS.

I. INTRODUCTION
Human Occupied Vehicle (HOV) has become an indispens-
able platform for deep-sea research and exploration, since
it is the only equipment that can directly send scientists
and researchers to such extreme depth to perform underwa-
ter missions [1]–[3]. Due to the restriction of energy and
maneuverability, accurate navigation has become a crucial
factor for HOV to enhance its safety, improve underwater
operation efficiency and further discover the scientific value
of filed collected samples and data [4]. With the development
of underwater navigation sensor technologies and fusion
algorithms, existing navigation techniques have enabled
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successful operations of modern deep HOV, which are pre-
viously considered infeasible or unrealistic [1], [4], [5].

However, accurate navigation and localization is still sig-
nificantly challenging for deep-diving HOV, especially in
midwater where both Global Positioning System (GPS) and
Doppler Velocity Log (DVL) are unavailable. For underwa-
ter navigation, vehicle depth can be precisely and directly
obtained by a hydrostatic pressure sensor, whereas horizontal
XY navigation is more difficult to achieve due to fewer avail-
able sensors [6], [7]. In fact, inertial measurement unit (IMU)
and acoustic positioning system (APS), include ultra-short
baseline (USBL), long baseline (LBL) and single-beacon
navigation are the only available sensors for XY navigation
in midwater [6]. Moreover, the motivation of improving mid-
water navigation arises from tasks demand for HOV hovering
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at a designated position in midwater or cruising with constant
height above seabed [1].

As a self-contained and frameless system, strap-down
inertial navigation system (SINS), composed of three gyro-
scopes, three accelerometers and micro-computers, has been
widely used for underwater navigation with the advantages of
high reliability, strong independence, providing high-update-
frequency and comprehensive navigation messages, and so
on [8]–[12]. Unfortunately, such integration-based naviga-
tion system suffers from accumulated errors over time if
adding information from external references are unavailable.
On the other hand, APS can provide geo-referenced posi-
tioning information, but exist the defects of harsher appli-
cation conditions requiring pre-arranged dedicated acoustic
infrastructure and/or surface vessels [9], [10]. In addition,
APS usually suffers from multi-path effect of underwater
sound transmission, whose accuracy is relative to target
range [10].

As a relatively mature navigation solution, SINS/DVL
integrated navigation is widely used for underwater
navigation with the advantages of autonomy and high accu-
racy [13]. The fact that DVL measurements (velocity relative
to water) cannot be directly used for navigation has promoted
and stimulated the development of other velocity-assisted
navigation technologies suitable for midwater navigation,
mainly including ocean current estimation and finding com-
plementary or alternative for DVL [7], [10]–[12]. Based
on the common hypothesis that ocean currents keep con-
stant, Literature [7] presented an ADCP-aided localization
method, which requires further investigation to integrate
with INS. Literature [11] proposed a model-aided INS navi-
gation scheme, whose performance is related to the accuracy
of real-time ocean current estimation and kinematic vehicle
model. By utilizing ADCP measurements and ocean cur-
rent predictions provided by preloaded ocean current maps,
Literature [12] proposed a current-aided inertial navigation
framework. Despite significant effort and improvement, there
are certain prerequisites or limitations for such technologies
when applied in midwater operations.

Compared with SINS/USBL integrated navigation, which
is an effective and widely applied solution for midwater nav-
igation, SINS/DVL integrated navigation has the advantages
of greater autonomy and lower cost. In view of this, a novel
SINS/DVL integrated navigation system is designed for mid-
water navigation, which includes two working modes: align-
ment mode and navigation mode. In the alignment mode,
it takes several minutes to estimate ocean current velocity
and misalignments between SINS and DVL, which are the
premise and basis of subsequent navigationmode. In the navi-
gation mode, DVL measurements and ocean current velocity
are utilized to assist SINS to restrain its error growth. The
novel contributions of this work are as follows:

1) Estimating ocean current velocity and misalignment
angle between SINS and DVL in the alignment mode.

2) Utilizing DVLmeasurements and ocean current to assist
SINS in the navigation mode.

In what follows, problem analysis of SINS/DVL integrated
navigation is introduced in Section II. Section III illustrates
the Self-Aided SINS scheme includes introducing the mech-
anization and error model of SINS, discussing the design
of IIR digital High-pass filter (HPF), and presenting kalman
filter (KF) design. Current velocity and misalignment estima-
tion is presented in Section IV. SINS/DVL/Current integrated
navigation system is introduced in Section V. Simulations and
Field test are shown in Section VI and VII, respectively. And
conclusions are drawn in Section VIII.

II. PROBLEM ANALYSIS OF SINS/DVL INTEGRATED
NAVIGATION
SINS/DVL integrated navigation system is commonly used
for long-range underwater navigation, only requiring on-boad
navigation sensors. DVL is an instrument that measures the
velocity of underwater vehicle based on Doppler effect and
usually has two working modes: bottom tracking mode and
water tracking mode [14]–[16], which is used to restrain the
error accumulation of SINS. For common underwater appli-
cations, DVL is working in bottom tracking mode, and the
accuracy of SINS/DVL integrated navigation mainly depends
on two factors: the scale factor of DVL and misalignments
between SINS and DVL.

However, as to those underwater vehicles in midwater,
DVL is working in water tracking mode, whose observations
are unavailable to effectively suppress the error accumulation
of SINS. As shown in Fig.1, the distance between ultrasonic
transducer, installed at the bottom of underwater vehicle, and
seabed exceeds the maximum range of DVL measurement.
In such cases, DVL loses bottom tracking and can only work
in water tracking mode to measure the velocity relative to
set flow layer. For midwater navigation, the ground veloc-
ity of underwater vehicle should be obtained to effectively
suppress the error accumulation of SINS, which is equal to
DVL measurement plus ocean current velocity.

FIGURE 1. Diagrammatic sketch of DVL water tracking mode.

Based on the above analysis, in order to successfully imple-
ment SINS/DVL integrated navigation in midwater, it is nec-
essary to obtain ocean current velocity in advance if it cannot
be directly measured or estimated in-situ. According to the
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existing oceanmodel, current velocity usually changes slowly
in a small range, so it can be assumed that current velocity
in a local sea with constant depth remains unchanged in the
short term. Benefiting from the development of maneuvering
control technology, steady-state maneuvering characteristics
of underwater vehicle maymake it possible for us to avoid the
barriers of existing underwater navigation sensor technology
and find a feasible midwater navigation scheme [17]–[19].

To this end, this paper proposes a novel SINS/DVL inte-
grated navigation scheme for HOV operated in midwater as
shown in Fig.2, which includes two tightly coupled working
modes: alignment mode and navigation mode. In the align-
ment mode, HOV is controlled to execute a specific trajectory
so as to realize Self-Aided SINS [20], which is based on error
propagation of SINS andmaneuvering characteristics of vehi-
cle. Combined with DVL measurements (working in water
tracking mode) and precise navigation solution of Self-Aided
SINS, local ocean current velocity can be estimated effec-
tively and efficiently. By assuming that ocean currents in a
small range are constant within a short period of time, esti-
mated ocean currents and DVL measurements are utilized to
assist SINS, thus enabling the proposed SINS/DVL integrated
navigation in the navigation mode. Different from traditional
SINS/DVL integrated navigation, the accuracy of the pro-
posed SINS/DVL integrated navigation mainly depends on
three factors: the scale factor of DVL, misalignment between
SINS and DVL, as well as ocean current. Moreover, the first
factor is considered in the navigation mode, and the next two
factors are treated in the alignment mode.

FIGURE 2. Illustration of SINS/DVL integrated navigation in midwater.

III. SELF-AIDED SINS BASED ON TRAJECTORY
CONSTRAINTS
In order to estimate ocean current and misalignment between
SINS and DVL effectively and efficiently, Self-Aided SINS
algorithm should be realized to obtain precise navigation
solutions in the alignment mode. Figure 2 illustrates the
detailed realization of Self-Aided SINS scheme. When a
HOV performs pre-defined maneuvering, the IMU data are
took as system inputs to calculate the navigation equation
twice in parallel, thereby obtaining two sets of mathematical
SINS: SINS1 and SINS2. Considering that SINS horizon-
tal velocity contains high-frequency true velocity based on

trajectory constraints and low-frequency velocity error based
on working mechanism of SINS, a delay correction-high-
pass filter (DC-HPF) will be designed to handle horizon-
tal velocity of SINS1. Finally, conventional KF technology
is utilized to integrate obtained high-frequency true veloc-
ity with SINS2 to obtain navigation results without drift
error, thus realizing the so-called Self-Aided SINS navigation
scheme without requiring other external auxiliary navigation
sensors [20].

A. MECHANISM AND ERROR MODEL OF SINS
Without loss of generality, the local geographical frame n
(North-East-Downward) is selected as the navigation refer-
ence frame. Denote by b the SINS body frame aligned with
the IMU axes, by e the Earth frame and by i Earth-centered
initially-fixed orthogonal reference frame. The navigation
solution of SINS can be calculated by three differential equa-
tions as follows [8]:

Ċ
n
b = Cn

b

(
ωbnb×

)
(1)

V̇
n
= Cn

bf
b
−
(
2ωnie + ω

n
en
)
× Vn

+ gn (2)

L̇ =
VN

Rn + h
, λ̇ =

VE secL
Re + h

, ḣ = −VD. (3)

where Cn
b is the attitude matrix from the body frame to the

local geographic frame, whose transposedmatrix isCb
n;ω

b
nb is

angular rate of the body frame with respect to the navigation
frame, expressed in the body frame, and the 3 × 3 skew
symmetric matrix (·×) is defined so that the cross product
satisfies a × b = (a×) b for arbitrary two vectors; ωnie is
the Earth rotation rate with � denoting the Earth rate, and
ωnen is angular rate of the navigation frame with respect to the
Earth frame;ωbib and f

b are themeasurements of three orthog-
onally installed gyroscopes and three orthogonally installed
accelerometers, denoting the angular rate and specific force
respectively; Vn [VN VE VD

]T is the velocity in the navi-
gation frame denoting the north, east and downward veloc-
ities, respectively; The position p

[
L λ h

]T is commonly
expressed as longitude, latitude and height above the Earth
surface, which can be updated by the velocity where Rn
and Re are respectively the transverse and meridian radii of
curvature, respectively.

Due to the existence of initial, sensors and navigation
algorithm errors, the errors, defined as the difference between
the calculated and true values, inevitably exist in attitude,
velocity and position calculated by (1)-(3). Then the error
propagation equations of SINS can be derived by perturbation
method as follows:

φ̇
n
= −ωnin × φ

n
+ δωnin − C

n
bδω

b
ib (4)

δV̇
n
=

(
Cn
bf

b
)
× φn −

(
2ωnie + ω

n
en
)
× δVn

−
(
2δωnie + δω

n
en
)
× Vn

+ Cn
bδf

b (5)

δL̇ =
1

Rn + h
δVN −

VN
(Re + h)2

δh
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δλ̇ =
1

(Re + h) cosL
δVE −

sinL
(Re + h) cos2 L

δL

−
VE

(Re + h)2 cosL
δh

δḣ = −δVD. (6)

where φn =
[
φN φE φD

]T is attitude error vector
describing the rotation between calculated and real naviga-
tion frame; δVn [ δVN δVE δVD ]T is velocity error vector;
δp
[
δL δλ δh

]T is position error vector, which denotes lat-
itude error, longitude error and altitude error, respectively;
δωbib is the gyroscope error, and δf

b is the accelerometer error.
The precision of the SINS is mainly determined by the

errors of inertial sensors, which is generally represented as a
combination of random bias and random noise. In engineer-
ing, the one-order (or high-order) Markov process and white
noise are applied to propagate random noise. In this paper,
the main target is to deal with the Self-Aided SINS scheme
so that the errors of IMU are assumed to be random walk bias
error and white Gaussian noise. Thus, the error propagation
models of gyroscopes and accelerometers can be constructed
as follows [9], [21], [22]:

δωbib = ε
b
+ wg, ε̇b = 0,wg ∼ N

(
0,Qg

)
(7)

δf b = ∇b
+ wa, ∇̇

b
= 0,wa ∼ N

(
0,Qa

)
. (8)

where εb and ∇b are the constant errors of gyroscopes and
accelerometers, respectively;wg andwa are the random errors
of gyroscopes and accelerometers, respectively; Qg and Qa
are the variance matrices of white noise corresponding to wg
and wa, respectively.

B. DC-HPF DESIGN
For underwater navigation, depth or height information can
be precisely and directly obtained by a deep sensor, so the
problem of horizontal XY navigation becomes the main
object. For horizontal velocity outputs of SINS, there are:

ṼN = VN + δVN (9)

ṼE = VE + δVE . (10)

According to the error analysis of SINS in Section A,
horizontal velocity errors (δVN , δVE ) include three kinds
of different cycles of persistent oscillation, namely Schuler
oscillation period Ts, earth oscillation period Te, and Foucault
oscillation period Tf [23]:

Ts = 2π

√
R
g
= 84.4min

Te =
2π
�
= 24h

Tf =
2π

� sinL
.

(11)

When HOV is controlled to perform periodic physical
maneuvers, the true horizontal velocity (VN , VE ), relative to
the horizontal speed error (δVN , δVE ), can be regarded as
high-frequency signals. That make it possible for extracting

available auxiliary information from pure SINS output results
to constitute self-assisted navigation system.

Maneuvering control technology is significant for under-
water vehicles to operate tasks. Literature [17] proposed a
mathematical model to verify the steady-state maneuvering
characteristics of underwater vehicles, and used the test data
collected by HUGIN 4000 AUV to evaluate the effectiveness
of the algorithm. Square and turning maneuvers verification
results indicate that the obtained parameters of the trajectories
conform to physical interpretation. Literature [18] presented
a cascade control method based on biological heuristics and
sliding-mode control for the 7000-m ‘‘Jiaolong’’ HOV, which
can achieve robust and accurate three-dimensional trajectory
tracking. Literature [19] established a dynamic model of
spiraling motion for underwater gliders assisted with Com-
putational Fluid Dynamics (CFD) to obtain hydrodynamic
coefficients. Based on previous analysis, it is entirely feasible
for HOV to achieve steady-state maneuver characterizing
constant depth and horizontal circle motion, which can be
formulated as follows [18]:


γ = 0
θ = 0
ϕ = ωct

(12)


VN = −rωc cos(ωct)
VE = rωc cos(ωct)
VD = 0

(13)

where r denotes the radius of circular motion, ωc = 2π/Tc
denotes the angular rate of circular motion, Tc denotes the
cycle of circular motion.

In fact, the order of the Infinite Impulse Response (IIR)
filter is generally less than the Finite Impulse Response (FIR)
filter under the same technical requirements, which means
lower group delay, so IIR filter is chosen for real-time
extraction of real horizontal velocity. Although a digital IIR
HPF can be designed easily and suitably by using frequency
transformation or analog to digital mapping technique, such
traditional high-pass filter (T-HPF) exists the defects of phase
shift and amplitude attenuation, and the error caused by phase
shift is much larger than amplitude attenuation at the same
time. In order to effectively solve the problem of signal
delay, Literature [24] designed a zero-delay high-pass digital
filter (ZD-HPF) to obtain ship’s heave motion parameters
based on so-called complementary technology. ZD-HPF can
solve the problem of phase shift effectively and efficiently,
but will cause greater amplitude attenuation compared
to T-HPF.

To this end, this paper proposed a delay-correction high-
pass filter (DC-HPF) to deal with horizontal velocity pro-
vided by SINS, which can not only solve the problem of
phase shift but also keep phase attenuation unchanged when
compared to T-HPF. In fact, the leading phase-angle and time
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of T-HPF can be rigorously calculated by: θ (ω̄) = argH
(
exp(jω̄Tsp)

)
t (ω̄) =

θ (ω̄)

ω̄

(14)

where H (·) denotes transfer function of digital filter;
ω̄ denotes angular rate of input signal; Tsp is sampling
period, which is equal to navigation solution period here.
In addition, robust control algorithm will be designed for
spiral-diving HOV to keep its maneuvering in accordance
with the pre-designed trajectory as much as possible. In view
of this, we can obtain the value of angular rate of input signal
in advance with ω̄ ≈ ωc. Thus, we can obtain the leading time
between output signals processed by T-HPF and real signals.
Then N-bit delay buffer should be set up in the computer to
delay the output of T-HPF accordingly and the value of N can
be calculated by:

N =
t (ω̄)
Tsp

. (15)

In final, the detailed descriptions of delay correction High-
pass filter (DC-HPF) are summarized as follows:

1) Designing reasonable IIR digital high-pass filter specifi-
cations

(
fp, fs,Ap,As

)
based on spectrum analysis and obtain

transfer function of the digital filter H (z);
2) Calculating the leading time t (ω̄) by Eq. (14) and the

number of delay buffers N by Eq. (15);
3) Delaying the output of T-HPF for N bit.

C. VELOCITY-AIDED SINS
Then, KF is designed to fuse SINS with horizontal velocity
obtained from DC-HPF. The 15-dimension state vector and
2-dimension measurement vector is defined respectively as
follows:

X1 =

[
(φn)T (δVn)T (δp)T

(
εb
)T (

∇b)T ]T (16)

Z1 =
[
ṼN − V̄N ṼE − V̄E

]T
(17)

where V̄N and V̄E denote horizontal velocity obtained
from DC-HPF.

The discrete process model and observation model are:{
Xk = φk,k−1Xk−1 + 0k,k−1W k−1

Zk = HkXk + V k
(18)

where the subscript k denotes the k-th time-step; φ denotes
the transition matrix of the dynamic model, which can be
obtained according to SINS error model;H denotes the mea-
surement model matrix; 0 denotes the system noise matrix;
W , V denotes the process noise and the measurement noise,
respectively.

Given the initial value X̂0 and P0, the state estimation X̂k
can be recursively calculate with observation Zk as follows:

X̂k,k−1 = φk,k−1X̂k−1 (19)

X̂k = X̂k,k−1 + Kk

[
Zk −Hk X̂k,k−1

]
(20)

Kk = Pk,k−1HT
k

[
HkPk,k−1HT

k + Rk
]−1

(21)

Pk,k−1 = φk,k−1Pk−1φ
T
k,k−1 + 0k,k−1Qk−10

T
k,k−1 (22)

Pk = [I − KkHk ]Pk,k−1 (23)

where X̂ is the estimation for state vector X ; P is the state
variance; X̂k,k−1 is the predicted state estimate, and Pk,k−1 is
the corresponding covariance; K is the gain matrix; and I is
the unit matrix with corresponding dimensions.

IV. CURRENT VELOCITY AND MISALIGNMENT
ESTIMATION
Usually, the real DVL measurements can be modeled as [16]:

Ṽ
d
= (1+ δk)Vd

+ δVd . (24)

where δk denotes DVL scale factor error with δk = 0, Vd is
the ideal velocity relative to ocean current in the instrument
frame of DVL (d-frame), δVd denotes DVL measurement
noise.
The relationship of related velocity can be formulated as

follows:

Vn
= Cn

bC
b
d Ṽ

d
+ Vn

c (25)

where Vn and Cn
b are velocity in n-frame and atti-

tude matrix provided by Self-Aided SINS, respectively;
Vn
c =

[
VcN VcE VcD

]T is the ocean current velocity in
n-frame; Cb

d is the attitude transformation matrix from
d-frame to b-frame, which can be calculated by:

Cb
d = I − (α×) (26)

where α =
[
αγ αθ αϕ

]T denotes misalignment angle
between SINS andDVLwith α̇ = 0; αγ and αθ are horizontal
misalignment angle, and αϕ is heading misalignment angle.
Substituting equation (26) into equation (25) yields:

Vn
− Cn

bṼ
d
= Cn

b

(
Ṽ
d
×

)
α + Vn

c . (27)

Usually, only the horizontal velocity needs to be consid-
ered for XY navigation. Here, the 5-dimension state vector
and 2-dimension measurement vector is defined respectively
as follows:

X2 =
[
αγ αθ αϕ VcN VcE

]T (28)

Z2 =
[
Za1 Za2

]T (29)

where Za = Vn
− Cn

bV
′′. For constant identification,

recursive least square (RLS) algorithm is adopted to esti-
mate installation deviation angle and horizontal ocean current
velocity.
As to horizontal circle motion, we have:

Cn
b =

 cos(ωct) − sin(ωct) 0
sin(ωct) cos(ωct) 0

0 0 1

 . (30)
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Substituting equation (30) into equation (27) yields, as well
as organizing the terms yield:

VN − cos(ωct)ṽdx + sin(ωct)ṽdy
=

(
sin(ωct)ṽdx + cos(ωct)ṽdy

)
αϕ + VcN

VE − sin(ωct)ṽdx − cos(ωct)ṽdy
=

(
− cos(ωct)ṽdx + sin(ωct)ṽdy

)
αϕ + VcE .

(31)

According to analytical method of observability analy-
sis [25], αϕ , VcN and VcE can be calculated by (31) with time
change (at least two timestamps), which means that they can
be estimated effectively in the alignment mode;While αγ and
αθ are not able to be obtained by (31), which means that they
cannot be estimated.

V. SINS/DVL/CURRENT INTEGRATED NAVIGATION
According to existing ocean model, horizontal current veloc-
ity usually keeps constant in 1-2 hours. In the navigation
mode, HOV is able to cruise in midwater due to available
SINS/DVL integrated navigation. Considering that αγ and
αθ are usually very little, and αϕ can be obtained in the
first stage, so installation deviation angle is ignored in the
navigation mode for convenience with Cb

d = I .
The ideal and actual velocity in n-frame related to

DVL measurements is calculated respectively as follows:

Vn
DVL = Cn

bC
b
dV

d
+ Vn

c = Cn
bV

d
+ Vn

c (32)

Ṽ
n
DVL =

[
I −

(
φn×

)]
Cn
b (1+ δk)V

d
+ Vn

c + δV . (33)

where δV denotes measurement error, including DVL mea-
surement error and ocean current estimation error.

Expanding (33) and ignoring the second-order small quan-
tity, we can get velocity error in n-frame:

Zb= Ṽ
n
SINS−Ṽ

n
DVL=−

(
Cn
bV

d
)
×φn+δVn

−δkCn
bV

d
−δV

(34)

where Zb =
[
Zb1 Zb2 Zb3

]T . A 16-dimension kalman filter
(KF) is employed to fuse SINS with DVL. Here, the state
vector X3 and measurement vector Z3 is respectively defined
as:

X3 =

[
(φn)T (δVn)T (δp)T

(
εb
)T (

∇b)T δk
]T

(35)

Z3 =
[
Zb1 Zb2

]T
. (36)

VI. SIMULATIONS
A. SIMULATION SETTING
In order to verify the feasibility and effectiveness of the
proposed SINS/DVL integrated navigation in midwater as
shown in Fig.2, a simulation test was carried out. The cruise
trajectory with constant depth is shown in Fig.3, including
ten consecutive circular trajectories with a radius of 10m
and a square trajectory with a side length of 1km, corre-
sponding to alignment mode and navigation mode, respec-
tively. The trajectory parameters of the starting point were set

FIGURE 3. The ideal cruise trajectory of HOV in midwater.

as: attitude
[
0◦ 0◦ 90◦

]
, velocity

[
0 2m/s 0

]
and position[

32◦ 118◦ −4000m
]
.

Usually, the real IMU data is simulated by adding sensor
error and ideal IMU data, which can be obtained by back-
steping of navigation solution based on the set trajectory.
Here, the gyro random biases were all set as 0.01◦/h and
random noises were white Gaussian noise with zeromean and
standard deviation of 0.01◦/h [21]. And the accelerometer
random biases were all set as 50µg and random noises were
white Gaussian noise with zero mean and standard deviation
of 50µg. The update frequencies of IMU data and SINS
output data were both 100 Hz, while the update frequency of
DVLwas 1Hz. The scale factor error of DVLwas set as 0.2%,
and the ideal horizontal ocean current velocity was set as:
VcN = 0.15m/s (North), VcE = 0.2m/s (East). To evalu-
ate the effects of different schemes, the ideal trajectory and
parameters were utilized as a reference.

B. SIMULATION RESULTS AND ANALYSES
In the alignment mode, HPF should be designed to deal with
horizontal velocity provided be one SINS. Figure 4 shows
the horizontal velocity error of the four different schemes,
in which the red lines indicate the results of pure SINS,
the green lines indicate the results of T-HPF, the blue lines
indicate the results of ZD-HPF, and the lines indicate the
results of DC-HP. As can be seen from Fig.4, horizontal
velocity error of SINS diverges with time, which is accor-
dance with theoretical analysis. Compared to T-HPF, hor-
izontal velocity error of ZD-HPF and DC-HPF can both
converge to the values near zero after 100s. Moreover, com-
pared with ZD-HPF, DC-HPF has faster convergence and
smaller distortion. In Table 1, it can be seen that the mean
of ZD-HPF are bigger than T-HPF, while the standard devi-
ation (Std) of ZD-HPF are smaller than T-HPF. This phe-
nomenon is in accordance with the conclusion that ZD-HPF
will cause greater amplitude attenuation when compared
to T-HPF, while solving the problem of phase shift. The lines
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FIGURE 4. Horizontal velocity error among different schemes in the first
stage.

TABLE 1. Statistical results of horizontal velocity error among different
schemes in the first stage.

in Fig.4 and statistics in Table 1 all indicate that DC-HPF
outperforms both T-HPF and ZD-HPF.

In order to evaluate navigation performance of the pro-
posed algorithm in the alignment mode, both the Refer-
ence system and the SINS system are compared with the
Self-Aided SINS system. As the altitude information can be
easily and precisely instrumented by a depth sensor, only
horizontal velocity and position are involved to evaluate.
Figures (5)-(7) show respectively the attitude, horizontal
velocity and horizontal position among different schemes,
in which the red lines indicate the navigation results of the
SINS system, while the green and blue lines indicate the
navigation solutions of the Reference and Self-Aided SINS
system. It can be seen that the blue lines are extremely close
to the green lines, while the red lines deviate from the green
lines in Figs. (5)-(7). This phenomenon reveals the fact that
pure SINS cannot be directly used for midwater navigation,
while the proposed Self-Aided SINS system is effective and
feasible. For Self-Aided SINS in Figs. (5)-(7), it starts to
execute after 60 seconds due to the fact that the obtained
horizontal velocities from DC-HPF converge when t ≥ 60s
as shown in Fig.5. As can be seen from Fig. 6, the hor-
izontal attitude (Roll and Pitch) curves converge to zero

FIGURE 5. Attitude among different schemes in the first stage.

FIGURE 6. Horizontal velocity among different schemes in the first stage.

when t ≥ 150s. Table 2 shows respectively the mean and
standard over the last 150 seconds of attitude, horizontal
velocity and horizontal position error from Self-Aided SINS.
In order to further illustrate positioning performance in Fig.7,
the errors of longitude and latitude in meters are chosen as
performance metrics, which are defined as follows:{

1x =
(
L̄ − L

)
(Rn + h)

1y =
(
λ̄− λ

)
(Re + h) cosL.

(37)

Both Figs. (5)-(7) and Table 2 indicate that Self-Aided
SINS can provide precise navigation solution, whose error
does not accumulate over time.

Figures 8 and 9 show the results of installation deviation
angle and horizontal current velocity estimation by utilizing
the obtained precise navigation solution from Self-Aided
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FIGURE 7. Horizontal position among different schemes in the first stage.

TABLE 2. Statistical results of navigation solution error for self-aided sins
with t = 150− 314.16s.

FIGURE 8. Estimation of installation deviation angle between SINS and
DVL in the first stage.

SINS and DVL measurements with t = 120 − 314s. As can
be seen from Figs. 8 and 9, the blue lines (denoting esti-
mation) of horizontal installation deviation angle (αγ , αθ )

FIGURE 9. Estimation of horizontal ocean current velocity in the first
stage.

deviate from the green lines (denoting the set reference
value) while the blue lines of heading installation deviation
angle (αϕ) and horizontal ocean current velocity (VcN ,VcE )
all converge near the green lines, which is consistent with
the observability analysis in Section III. In order to fur-
ther investigate the influence of different installation devi-
ation angle on the estimation effect of αϕ,VcN and VcE ,
the statistics of their estimation error are given in three cases:
α =

[
0.1◦ 0.1◦ 0.5◦

]T (Case 1), α =
[
0.01◦ 0.01◦ 0.1◦

]T
(Case 2), α =

[
0.1◦ 0.1◦ 2◦

]T (Case 3). As can be con-
cluded from Table 3, estimation errors of αϕ,VcN and VcE are
almost the same under different installation deviation angle
conditions.

TABLE 3. Statistical of estimation error among three cases.

Figures (10)-(12) show the navigation solution of
SINS/DVL in the second stage, in which the red lines indicate
the navigation results of the SINS system, while the green and
blue lines indicate the navigation solutions of the Reference
and SINS/DVL system. Compared to SINS, the navigation
results of SINS/DVL are closer to the ideal values, whose
position error accumulate slowly over time. In the naviga-
tion mode, HOV travelled for 4.8 km and the accuracy of
SINS/DVL is 0.08% (1σ ) of distance travelled.

VII. FIELD TEST
The key of SINS/DVL integrated navigation in midwater
lies in the Self-Aided SINS navigation based on horizontal
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FIGURE 10. Attitude among different schemes in the second stage.

FIGURE 11. Horizontal velocity among different schemes in the second
stage.

circular motion in the alignment mode, whose realization
makes it possible to estimate horizontal ocean currents, and
further realize SINS/DVL integrated navigation. In order
to further verify the feasibility and effectiveness of the
Self-Aided SINS navigation algorithm with real IMU data,
a sports car test that simulates horizontal circular motion was
carried out. The whole test lasts about 2 hours. A navigation-
grade SINS which consisted of three fiber optic gyroscopes
and three quartz accelerometers was installed in the trunk of
the car, where the gyro bias was 0.01◦/h and the accelerome-
ter accuracy was 50µg with the GPS antenna installed on the
top of the car, as show in Fig. 13.

SINS initial alignment was performed under static con-
dition, including coarse alignment (10s) and fine alignment
(110s). After 110s, SINS starts to enter the navigation mode,

FIGURE 12. Horizontal position among different schemes in the second
stage.

FIGURE 13. Equipment installation diagram in field test.

FIGURE 14. Comparison of horizontal velocity in field test.

and the initial attitude angle can be obtained by initial align-
ment with γ = 2.41◦, θ = 0.58◦, and ϕ = 80.21◦.
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FIGURE 15. Comparison of horizontal position in field test.

In addition, the velocities at the initial moment are all as
0m/s, and the position are provided by GPS with L =
32.05757459◦, λ = 118.7889668◦, and h = 14.45m.
When the vehicle moves in circles, it starts to perform
Self-Aided SINS navigation algorithm whose results are
shown in Figs. 14 and 15, in which the red lines indicate
the navigation results of the SINS system, while the green
and blue lines indicate the navigation solutions of GPS and
Self-Aided SINS. It can be seen that the blue lines are
extremely close to the green lines, while the red lines deviate
from the green lines in Figs. 14 and 15. Such results verify the
effectiveness and feasibility of Self-Aided SINS algorithm.

VIII. CONCLUSION
In this paper, we mainly focus on the problem of midwa-
ter navigation for HOV in the context of few sensors are
available in midwater. In order to solving the problem that
DVL is not directly available for midwater navigation and
the drifts of SINS solutions are inevitable and accumulate
over time, a novel SINS/DVL integrated navigation is pro-
posed for HOV. For DVL working in the water tracking
mode, in order to successfully implement SINS/DVL inte-
grated navigation, ocean current velocity should be obtained
in advance if it cannot be directly measured or estimated in-
situ. To this end, the proposed algorithm decomposes the task
into two tightly coupled working modes: alignment mode and
navigation mode. In the alignment mode, Self-Aided SINS
based on trajectory constraints is executed to provide precise
navigation solutions for the estimation of horizontal ocean
current velocity. After obtaining horizontal ocean current
velocity, SINS/DVL integrated navigation can be established
in the navigation mode.

To the best of our knowledge, this is the first effort to
estimate ocean current only utilizing IMU and DVL in mid-
water. Simulation results verify the feasibility and effective-
ness of the proposed SINS/DVL integrated navigation with
the capability to suppress error divergence of SINS just like

traditional SINS/DVL, whose positioning accuracy is 0.08%
(1σ ) of distance travelled. Meanwhile, the limitation and
disadvantage of such scheme are that it requires specific
maneuver for underwater vehicle and the accuracy is closely
related to ocean current estimation. In addition, sports car test
was carried out and experiment results have verified the fea-
sibility and effectiveness of the Self-Aided SINS navigation
based on horizontal circular motion with real IMU data.
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