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Schuler oscillation damping is one of the key technologies to improve the long-term precision of inertial navigation systems (INSs).
Generally, a ship introduces the reference velocity to work on the external horizontal damping status to avoid the effects caused by
maneuvers. However, the navigation accuracy is sensitive to the reference velocity error which will be affected by sea conditions and
the ship’s maneuver. It is necessary to adjust the damping status dynamically as the change of the reference velocity error to ensure
the accuracy and stability of INS. To address this problem, a novel variable damping system based on the variation of the reference
velocity error is designed in this paper. First of all, this proposed method switched the damping status according to the variation of
the reference velocity error in a certain period of time based on the principle of window detection. In addition, this paper designed a
fuzzy controller to avoid the overshoot caused by the frequent switching of the damping status. What is more, a method of
overshoot suppression was applied in this system. Simulation experiments were conducted to validate the theoretical analysis
and the effectiveness of this method. Compared with the undamping system, constant damping system, and traditional variable
damping system, the simulation results verified that the designed variable damping system can attenuate the system error

caused by reference velocity error most effectively, thus improving the navigation accuracy of INS.

1. Introduction

INSs are widely employed in both military and civilian
fields due to their numerous advantages. Compared with
satellite navigation systems and radio navigation systems,
INSs are completely autonomous navigation systems which
have strong independence and good concealment and are
invulnerable to external interference [1]. They use acceler-
ometers and gyroscopes to get the acceleration and angular
velocity to calculate the position, velocity, and attitude of
carriers [2]. Because of the working principle of INS, the
system has three kinds of periodic oscillation errors, i.e., the
Schuler period, Earth period, and Foucault period error.
The amplitudes of these periodic oscillation errors are not
attenuated and will continue to accumulate with time on
account of the effects of gyroscope drift [3, 4]. For the long-
term INS, its navigation accuracy will be greatly affected by
these periodic errors. Therefore, to ensure the accuracy of
INS, a damping correction network is added to turn INS into
a stable system [5, 6].

However, adding a damping correction network breaks
the Schuler damping loop so that the accuracy of INS will
be affected by the carrier’s maneuver [7]. Therefore, INSs
primarily work on the external horizontal damping status
to compensate the system error caused by the maneuver of
ships [8]. For the external horizontal damping system, the
reference velocity obtained by electromagnetic velocity log
(EML) or Doppler velocity log (DVL) is introduced to the
system [9-11]. Yet the accuracy of reference velocity will be
affected by the sea conditions and the ship’s maneuver, and
the navigation accuracy is sensitive to reference velocity
error. Reference [12] modeled the velocity error of DVL
and analyzed the effect on the external horizontal damping
system in detail. To diminish the influence caused by the
reference velocity error, a novel horizontal damping network
for INS based on complementary filtering was proposed in
Reference [13]. In Reference [14], a Kalman filter according
to the grid SINS error model which applies to the ship
was established to dampen the Schuler periodic oscillation.
Reference [15, 16] came up with a novel method which
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uses Kalman filtering and feedback calibration to dampen
the Schuler oscillation of INS by observing the difference
between INS’ velocity and EML’s or GPS’s velocity. The
integration INS-DVL algorithm based on the extended
Kalman filter was introduced in Reference [17]. Reference
[18] proposed an INS/EML integrated navigation system
with state-delay Kalman filter. A SINS/DVL integrated
positioning system based on adaptive filtering technology
is reported in Reference [19]. Reference [20] put forward
a DVL-based vehicle velocity solution by using the mea-
sured partial raw data of DVL and additional information,
thereby deriving an extended loosely coupled approach.
Reference [21] changed the traditional damping network
structure and carried out a method to design the parame-
ters of damping a network quickly with external velocity.

To improve the accuracy of the navigation system, it is
necessary to design variable damping INS and suppress the
overshoot of the damping switch. Mandour and El-Dakiky
studied the optimal damping network and gave three forms
of the damping network with the optimal value of each coef-
ficient [22]. In Reference [23], the choice principle, optimal
second-order horizontal damping network, and parameters
of an optimal damping network were discussed. Then, this
paper designed a variable coeflicient horizontal damping net-
work to improve the navigation accuracy. Reference [24]
added three different types of damping feedback in three
loops and made use of its own velocity information to com-
pensate errors. In Reference [25-27], in accordance with
the magnitude of motion acceleration, a method of adjusting
the damping network parameters adaptively to make the sys-
tem error minimum was given. To suppress the overshoot
when the working status of INS is switched, a double model
based on INS damping overshoot error suppression algo-
rithm was proposed in Reference [28]. Reference [29]
designed a second-order variable damping network where a
fuzzy controller was used to determine the current motion
status. In order to simplify the design of the traditional
damping network and suppress its overshoot errors while
switching status, a continuously adjustable internal horizon-
tal damping method using a proportional control was
proposed in Reference [30]. Reference [31] presented a
method of adaptive robust damping of oscillations in the
gyroaccelerometer system. An adaptive control method to
adjust its parameters in real time with the change of sea
condition was presented in Reference [32].

Although there are a lot of methods to reduce the influ-
ence of the reference velocity error on system accuracy, they
are not suitable when the reference velocity error is large for
along time. Besides, adjusting the damping status or damping
coefficient will result in overshoot error. Aiming at the short-
comings of traditional horizontal damping method, a novel
external horizontal variable damping method based on the
variation of reference velocity error is proposed in this paper.
First, a reference velocity obtained by EML was introduced to
the system to compensate for the system error caused by the
ship’s maneuver. Then, in view of the limitations of a first-
order or second-order horizontal damping network, a high-
order system based on the complementary filtering was
applied. According to the analysis of the influence of reference
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F1GURE 1: Block diagram of north-level correction circuit (internal
damping) [1].

velocity error on INS accuracy, this paper designed a variable
damping system which switches the damping status based on
the variation of the reference velocity error. In this way, the
damping status was adjusted in real time to keep the system
errors caused by the reference velocity error to a minimum.
In order to avoid the switch of damping status frequently, this
paper designed a fuzzy controller by using the principle of
window detection. In addition, this paper presented a method
to suppress the switch overshoot. Compared with a constant
damping network and traditional variable damping network,
the simulation results demonstrate that the proposed algo-
rithm can suppress the error caused by reference velocity error
most effectively and has higher navigation accuracy.

This paper is organized as follows: Section 1 is the
introduction. The traditional internal horizontal damping
network, external horizontal damping network, and comple-
mentary filtering horizontal damping network are reviewed
briefly in Section 2. Section 3 describes the novel variable
damping INS method proposed in this paper. The simulation
experiments and results are presented in Section 4. Section 5
summarizes the conclusion.

2. Traditional Horizontal Damping Network

2.1. Traditional Internal Horizontal Damping Network. If we
take the horizontal correction circuit of a single-channel INS
(north-level correction circuit of INS) as an example, the
horizontal loop model is shown in Figure 1.

Vy indicates the northern acceleration, AA, denotes the

northern acceleration error, ¢, is the eastern gyro drift, «,
indicates the eastern platform initial misalignment angle, «
denotes the eastern platform misalignment angle, g repre-
sents the local gravitational acceleration, R is the average
radius of the earth, 1/s denotes the integral operator, and

H,(s) is the damping correction network.

The transfer function from the gyro drift &, to the
horizontal error angle « is

afs) s (1)

e(s) £+ wH, (s)’

where w,=./g/R is the Schuler angular frequency.

It is known from Equation (1) that the navigation system
can be turned into a stable system by designing the parame-
ters of H (s). The principles of damping network parameter

configuration are [1]
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(1) The system should be stable

(2) The angular frequency of the damping should be the
Schuler angular frequency w,

(3) The damping coefficient & should be set to around 0.5
(4) H,(s) should be close to 1

The parameters commonly used in a traditional second-
order damping network are [8]

_ (s+85x107*) (s +9.412x107%)
~ (s+8.0x107)(s+1.0x1072)

(2)

The parameters commonly used in a traditional third-
order damping network are [26]

8x1074) (s +1.97 x 1072)*
HS):(5+88>< 07*)(s+1.97x107?) 3)

(s+4.41x107) (s +8.8x 107)*

2.2. Traditional External Horizontal Damping Network. To
compensate for the system error caused by the maneuver of
the ship, the reference velocity obtained by a DVL/EML is
often introduced to the navigation system. The navigation
system model is shown in Figure 2.

As shown in Figure 2, the subscript ¢ indicates that it is
the system calculation result, and V,, is the reference velocity
obtained by DVL/EML. However, the reference velocity error
0V, is also introduced into the system after introducing the
reference velocity. From Figure 2, we could get the equation
as follows:

[1-H,(s)]s-8V,,
R[s* + H(s)w?]

[1-H,(5)] -8V,,(0)

R [52 + Hy(s)wﬂ )

a(s) =

Equation (4) presents that the horizontal error angle is
no longer related to the acceleration of the vehicle; it is only
related to the reference velocity and H,(s). When the carrier

has acceleration, the introduction of the reference velocity
adds a compensation channel to the system to compensate
the horizontal error angle caused by the damping network.
Although the reference velocity error will affect the naviga-
tion accuracy, it is smaller than the impact of the carrier’s
acceleration; obviously, this method could improve the
accuracy of INS.

2.3. Complementary Filtering Horizontal Damping Network
[13]. In marine INS, the reference velocity is usually obtained
by EML on the ship. However, the reference velocity error
will change along with the ship’s maneuver; sea conditions,
e.g., the slope error when ship accelerates or decelerates; con-
stant error caused by smooth delay when the ship accelerates
or decelerates; constant error caused by ocean current or
temperature of the sea; alternating error when the ship turns;

FI1GURE 2: Block diagram of north-level correction circuit (external
damping) [1].

alternating error caused by wind velocity; sinusoidal error
caused by tides; and the zero-bias and random noise of the
EML. Therefore, the damping network needs to have the
ability to suppress these high and low frequency errors to
improve the accuracy of INS.

Reference [13] proposed a novel horizontal damping net-
work for INS based on complementary filtering. It adopted a
constant velocity feedback damping network which could
suppress high-frequency errors’ interference effectively as A
and phase lag-leading damping network which could
suppress low-frequency errors’ interference effectively as B.
Then, the damping network A passed through a high-pass fil-
ter 1 — W(s), while the damping network B passed through a
low-pass filter W (s), the complementary filtering horizontal
damping network C could be constructed by combining
these two blocks. In this way, C has a good capability to sup-
press both high-frequency and low-frequency errors of the
reference velocity. The transfer function of the complemen-
tary filtering horizontal damping network is [13]

{(1 +217+ 400 w,s® + [2 + 20 + 217 + dnlJwls® +s* + (1 +217+2C)w35+w?}
{(1+2n+20)ws® + 2+ 20 + 2n + 4nlJw?s® + st + (1 + 2n + 40)wis + wi}

(5)

He(s) =

Here, { and 7 are two damping coefficients determining the
attenuation response. The value for 7 has been optimized and is
assigned # = 0.5 in our shipborne INS to obtain the required
attenuation rate mentioned above. The analysis of the reference
velocity error-induced position errors will be based on this
value. Assuming = 0.7, the transfer function from the refer-
ence velocity error 8V, to the horizontal error angle a of the

complementary filtering horizontal damping network is

aR L4wls?
8V,, {+3.40;s +6.8w2s? +8.2w3s® + 6.8w!s? + 3.4w3s + wf}

(6)

The amplitude-frequency characteristic curves of the
reference velocity error to horizontal error angle of the com-
plementary filtering horizontal damping network, the tradi-
tional second-order damping network, and the traditional
third-order damping network are shown in Figure 3.
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FIGURE 3: The amplitude-frequency characteristic curves.

Compared with other damping networks, Figure 3 dem-
onstrates that the complementary filtering horizontal damp-
ing network has the best effect on suppressing the reference
velocity errors, especially on the high-frequency reference
velocity errors. It has 40dB/10dec or higher attenuation
rate to both low-frequency and high-frequency reference
velocity errors.

3. Variable Damping System Design

Although the introduction of the reference velocity will elim-
inate the influence of the carrier’s maneuver on the system
accuracy, it is inevitable to introduce reference velocity error
so that it will reduce the accuracy of navigation accordingly.
It is necessary to switch the damping status of INS dynami-
cally to ensure the accuracy and stability as the change of
reference velocity error. Hence, a novel variable damping
system based on the variation of the reference velocity error
is designed in this paper.

3.1. The Effect of Reference Velocity Error on System. The
traditional external horizontal damping network is taken as
an example to analyze the influence caused by the reference
velocity error. Ignoring the initial error of the reference
velocity, Function (4) can be converted as follows:

_ 1=Hys) .
als) = WM@VW(S). (7)

Function (7) represents that the acceleration of the
reference velocity error can cause a dynamic overshoot
on the horizontal error angle. In the working process of
INS, the dynamic overshoot is a small quantity relative
to the Schuler period; in addition, the signals used in the

actual system are digital signals; hence, the input of & V,y can

be regarded as pulse signals and we could obtain Function
(8) by Laplace transform:

8V, (s)=A(8V,), (8)

where

A@BV,) = JtZSV,y(t)dt, 9)

31

where t, and t, represent two moments when the INS is
working, and t; <t,. A(8V,,) is the variation of the reference

velocity error caused by the acceleration of the reference
velocity error between these two moments.
Then, we can obtain Function (10) as follows:

1—Hy(s)

R[s2 +Hy(s)w§] (10)

a(s) = A(SV,,).

Function (10) indicates that the dynamic overshoot
caused by the reference velocity error is proportional to the
acceleration integral value of the reference velocity error, that
is, proportional to the absolute value of A(8V,,).

To verify the results of the analysis above, the velocity
error curves of INS under different reference velocity errors
were investigated through simulation. The simulation
assumed that the accelerometer zero-offset is 10 ug, the gyro
zero-offset is 0.0001°/h, and the simulation time is 10 h. There
was no reference velocity error at the initial moment, and the
carrier was stationary on the external horizontal damping
status in which the damping coeflicient was { = 1.3, then the
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reference velocity error started to change at 5 h. The following
situations are simulated and analyzed:

(1) The eastward reference velocity error has an

acceleration of 0.01 m/s?> for 100s

(2) The eastward reference velocity
acceleration of 0.05m/s? for 10s

(3) The eastward reference velocity
acceleration of 0.05m/s? for 20s

(4) The eastward reference velocity
acceleration of 0.05m/s> for 30s

(5) The eastward reference velocity error has
acceleration of 0.01 sin (0.27tt)m/s*> for 1000s

error has an

error has an

error has an

an

Figure 4 shows the simulation results, where the blue-
green line, red line, blue line, green line, and black line repre-
sent the eastward velocity error curves in the situation from
(1) to (5), respectively.

It is evident that the simulation results are consistent with
the above theoretical analysis. For the first and third situa-
tions, the variations of the reference velocity error are both
1 m/s although the accelerations of reference velocity errors
are different. Accordingly, the overshoot errors caused by ref-
erence velocity errors are the same. For the second and fourth
situations, the variations of reference velocity errors are
smaller and larger than the first case, respectively, so the
overshoot errors are smaller and larger than the first case
correspondingly. For the fifth case, it almost does not have
any overshoot error because the variation of the reference
velocity error in each cycle is zero.

3.2. Selection of Damping Status Switch Method. In order to
analyze the influence of damping coeflicients on suppressing

the reference velocity error, this paper kept the damping
coefficient 77 = 0.5, and Function (5) can be written as follows:

At 20+ DS + B+ 40w +2(C+ wlis + w} )
s 2(0+ Do + (3+40)w2s +2(20 + Dwds +wll

(11)

Because the accuracy of EML is poor when ship sails at
sea, the damping coefficient { is usually set below 1 to get bet-
ter results. Let ¢ be 0.1, 0.3, 0.5, 0.7, and 0.9 and draw the
amplitude-frequency characteristic curves from the reference
velocity error to the horizontal error angle as in Figure 5. It
presents that the ability of different damping coefficients to
suppress the reference velocity error is not much different,
so changing the damping coefficient has little effect on sup-
pressing the reference velocity error. Therefore, it is suitable
to switch the damping status instead of changing the damp-
ing coefficient.

The traditional variable damping method sets a reference
velocity error threshold, then the system switches the damp-
ing status to undamping status when the reference velocity
error reaches this error threshold. Generally, the difference
between the calculated velocity of INS and the reference
velocity is taken as the reference velocity error. However, in
the actual navigation process at sea, the difference between
the reference velocity and calculated velocity of INS will be
large for a long time in some cases. Hence, if the error thresh-
old is set too large, the traditional method is not sensitive
enough to reference the velocity error so that the system
cannot switch to the undamping status in a timely manner.
If the error threshold is too small, it is susceptible to external
interference so that the system switches the damping status
frequently, which will result in a large overshoot. Besides, it
may make INS on the undamping status for a long time so
that the system will not be able to dampen the inertial

He(s)
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F1GURE 5: The amplitude-frequency characteristic curves under different damping coefficients.

navigation error caused by gyroscope drifts and other factors,
resulting in the reduction of navigation accuracy. Therefore,
this method is not suitable when the reference velocity error
is large for a long time.

From another perspective, the reference velocity error is
always large when encountering rough sea conditions or the
ship turns. And the angular rate of the ship’s yaw will get
bigger in these conditions. According to this analysis, there
is another traditional method to switch the damping status
based on the change of yaw. It will switch the damping status
to the undamping status when the change of yaw exceeds a
specified threshold. However, this method cannot cover all
situations when the reference velocity error is large such as
the ship enters or exits the bay area with strong currents
and cruises in rivers or straits.

On the basis of the theoretical analysis and simulation in
Section 3.1, we could conclude that the navigation error
caused by the reference velocity error is essentially due to
the variation of the reference velocity error. In view of this
analysis, this paper proposed a novel method which switches
the damping status according to the variation of reference
velocity error and makes the damping coefficient {=0.5
when the system is on damping status.

As shown in Figure 6, the proposed variable damping
network added an adaptive damping module and an over-
shoot suppression module to the inertial navigation system
loop. This method took the difference between the reference
velocity and calculated velocity as the input and determined
the damping status based on the input. Then, a module sup-
pressing the overshoot caused by the damping status switch
was applied to improve the navigation accuracy.

3.3. Design of Adaptive Damping Module. The variation of
reference velocity error can be determined by the variation

AA g a,
V| X 1] & 1] & X «
_y_>®_> = =
-A + R| * s |+ +
Adaptive Overshoot J
—> damping  |»{ suppressing
+ module module
iy

FIGURE 6: Block diagram of novel variable damping circuit.

of the difference between the reference velocity and calcu-
lated velocity of INS.

v.=v+dv,
v,=v+dv, (12)

ov=v,—v.=dv,—dv,

where v, v, and v, denote the true velocity, calculated
velocity, and reference velocity, respectively; dv, and dv,
indicate the error of v. and v,, respectively; and Jv
represents the difference between calculated velocity and
reference velocity.

The differences between the calculated velocity and refer-
ence velocity at times ¢, and ¢, are 8v; and §v,, respectively.

A=0v; —0v, = (dv,, —dv,) — (dvg —dvy,). (13)
The first term on the right side of Equation (13) is the

variation of the reference velocity error, and the second term
is the variation of the calculated velocity error. Because the
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calculated velocity error of the short-term has little change,
when A is large, it can be approximately considered that A
is the variation of reference velocity error, namely,

A=dv, —dv,. (14)

In order to eliminate the influence of transient large
errors, this method took the average value of the difference
between the calculated velocity and reference velocity over
a period of time. Then, this method chose a suitable time
duration to calculate the variation of reference velocity error
based on the principle of window detection [33]. The varia-
tion of the reference velocity error can be described by the
formula as follows:

i i=t—t
_ Z;:i_n(vri - V) Z;:t—tz—n(vri )
s= ” - " , (15)

where # is the time length of taking the average value; ¢
and t, represent the current moment and the width of the
window, respectively; v,; and v,; denote the calculated velocity
of INS and the reference velocity at the moment of 7, respec-
tively; and s indicates the absolute variation value of the refer-
ence velocity error from the moment of i=t—1¢, to i=t.
According to the accuracy of our EML and sea trial, the time
length of taking the average value was determined to be 20,
that is, n = 20. The damping status should be switched at the
moment when the value of s exceeds the certain threshold.

There is a contradiction in the design of the damping sta-
tus switch based on the principle of window detection, that is,
the wider the window is and the lower the misjudgment rate
of the reference velocity error is, the longer the time lag is.
Therefore, the width of the window needs to be set according
to both the misjudgment rate and the time lag. In addition,

the width also needs to be determined according to the
threshold of s.

Besides, the switch of the damping status will lead to the
overshoot error of INS; thus, it is necessary to weigh the over-
shoot error caused by the switch of the damping status and
the oscillation error caused by the reference velocity error
when designing the basis for the damping status switch.

To select the appropriate values of the width and thresh-
old of s, the velocity error curves of the INS under different s
and the situation when the status switches were investigated
through simulation. In the sea trial environment, the refer-
ence velocity error always exists and maintains a large order
of magnitude. According to the accuracy of EML used in our
sea trial, the average value of the reference velocity error can
be taken as 0.5 m/s. The simulation assumed that the acceler-
ometer zero-offset is 10 ug, the gyro zero-oftset is 0.0001°/h,
and the simulation time is 20 h. There was a 0.5 m/s reference
velocity error at the initial moment, and the carrier was
stationary on the external horizontal damping status in
which the damping coefficient was { = 0.5, then a different s
started to appear or the status switched to the undamping
status for 200s at 10 h.

In Figure 7, “s=0.25m/s,” “s=0.35m/s,” and
“s=0.45m/s” indicate that the variation of the reference
velocity error is 0.25m/s, 0.35m/s, and 0.45m/s at the
moment of 10 h, respectively. The curve of the “status switch”
indicates that the system switches the status from the damp-
ing status to the undamping status at the moment of 10 h and
the reference velocity error maintains the same. Figure 7
shows that the overshoot error when s = 0.25 m/s is approxi-
mately equal to the overshoot error when the status switches
to the undamping status so that the system should not switch
the damping status when s < 0.25 m/s.

Besides, if the value of s falls near the boundary point, the
phenomenon of the frequent damping status switch will



occur, which maybe result in an error jump. Hence, changing
the system damping status frequently is undesirable so that a
fuzzy controller was designed in this paper. The fuzzy con-
troller took s as the input and the system damping status as
the output.

In our sea trial, the variation of the reference velocity
error may fluctuate from 0 to 0.4m/s in a short time
(t < 100 s) due to the influence of sea waves and other factors.
In this situation, the overshoot will be larger if the damping
status switches. In addition, the accuracy of EML used in
our sea trial is poor. Therefore, the original reference velocity
obtained by EML is smoothed, and the fluctuation amplitude
of the processed reference velocity is 0.1 m/s. In order to
avoid the misjudgment and frequent switch caused by these
factors above, the variation of the reference velocity error
was divided into three cases: large, medium, and small. The
degree of membership function of the fuzzy controller was
designed as shown in Figure 8.

Based on the previous analysis, the appropriate parame-
ters of the fuzzy controller were determined as follows:

a=0.25m/s,
b=0.35m/s, (16)
c=0.45m/s.

The statuses of the output variable y and their represen-
tative meanings are as follows:

(1) y=f, means that s <g; the current variation of the
reference velocity error is small so the system should
be on damping status

(2) y =f, means that a <s <¢; the system should main-
tain the current status

(3) y =f; means that s>¢; the current variation of the
reference velocity error is large, and the system
should be on undamping status

The reference velocity error is mainly caused by the accel-
eration and deceleration of the ship. When the ship acceler-
ates or decelerates, the EML will produce an error
component which is directly proportional to the ship’s accel-
eration due to its own characteristics. Generally speaking, the
variation of the reference velocity error needs 80s to reach
0.5m/s in our sea trial when the ship accelerates or deceler-
ates. Considering these factors above, the window width
was assigned 80, that is, ¢, = 80.

Figure 9 shows the schematic diagram of the damping
status switch, where f indicates the output of the degree of
membership function and i represents the current system
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damping status. The switch process can be expressed as
follows:

(1) Calculating the current value of s according to Equa-
tion (15)

(2) The value of s is sent to the degree of membership
function and gets the output status f

(3) In order to avoid frequent switching of the damping
status, it is stipulated that the system damping status
is switched when the output status f is not f, and it is
different from the current system damping status for
20 consecutive times. Otherwise, the system main-
tains the current status, and the value of m is reset
to zero or plus one according to the status of f, then
performs the next round of calculations

3.4. The Method of Overshoot Suppression. The switch of the
damping status will break the balance and cause overshoot
error. In consideration of this condition, it is necessary to
take measures to restrain this overshoot. First of all, in order
to realize the calculation of the damping network in a digital
computer, the equivalent discretization of the analog damp-
ing network is required. There are some methods to the dis-
crete transfer function, such as backward difference method,
zero-order/first-order hold method, impulse response invari-
ant method, and bilinear transformation method. In order to
ensure single-value mapping and avoid frequency aliasing,
this paper chose the bilinear transformation method to dis-
cretize the damping network. In addition, the method of w,
precorrection was applied to overcome a nonlinear distortion
of frequency. Let Q(s) = 1 — H(s), the discretization result of
Q(s) can be obtained as follows:

2u(l+227" -2z -271)

SmaTrie {w+2d, +d, +2ds+ 1 -4(u* +d, —dy— 1)z ' +2(3ut —d, + 3)z 2 —4(u* —d, + dy — 1)z + (u* - 2d, + d, - 2d; + 1)z74}’

(17)
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where T is the discretization interval and is set to 1 s here.
And

1
"~ tan (w,T/2)’
dy=(1+0)u, (18)
d, = (3+40)u?,
dy=(20+ 1)u.

Then, there is

(u*+2d, +dy +2dy + 1) = 4(u* +dy —dy = 1), —2(3u* = d, +3) 5.,
+4(ut —dy +dy - 1),
- (u*—2d, +d, - 2d, + 1),
+20u(r + 21 = 2133 — Ty)s

(19)

where ¢, is the damping correction signal at the
current moment in the local horizontal coordinate system
and r; is the difference between the reference velocity and
the calculated velocity of INS, which represents the refer-
ence velocity error.

Because the magnitude of the overshoot error is posi-
tively related to the variation of the damping coefficient when
the system damping status is switched, so the value of the
damping coefficient should gradually increase from zero to
the target value when the system switches from the undamp-

ing status to the damping status. When the system switches
from the damping status to the undamping status, the system
should switch to the undamping status to avoid the influence
of the reference velocity error in time. In addition, the damp-
ing correction signal should remain unchanged when the
system damping status switches, so as to avoid the overshoot
error becoming larger due to the sudden disappearance of the
damping correction signal.

Considering the transfer function calculation process
after discretization, this paper adopted the following measure
to suppress the overshoot of the damping switch. Figure 10
shows the schematic diagram of the overshoot suppression,
where e indicates the Euler number, & is the target value of
the damping coefficient, and { is the actual damping coeffi-
cient used in the calculation.

The overshoot suppressing process can be expressed
as follows.

When the damping status of the system switches,

(a) The damping status of the system switches from the
undamping status to the damping status; the initial
value of each integrator of the damping network is
cleared to zero, that is, ¢_,=¢,,=¢3=6_4,=0
and r,_, =1, =3 = 4 = 0. Then, let the damp-
ing coefficient { gradually increase from zero to the
target value & in the form of an exponential function
in 50 s. For example, at the moment of switching, the
value of { is set to £ x e™*%; then in the next calcula-
tion after switching the damping status, the value of

{ is set to & x e7*8; next, the value of { is set to & x
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e ¥, and so on. Finally, the value of { is set to & x of m is not less than 50, the value of the damping
e¥=¢ coefficient { is equal to &
(b) The damping status of the system switches from the (b) The system maintains the undamping status; the
damping status to the undamping status; the damp- damping network is shielded, while the damping
ing network is shielded, while the damping correc- correction signal ¢, remains the same

tion signal ¢, remains the same instead of shielding
the damping correction signal
4. Simulation Results and Discussion
When the damping status of the system does not switch,
In order to prove the effectiveness of this method described
(a) The system maintains the damping status; if the value  in the previous section, marine data simulation experiments
of m is less than 50, it means the system is still in the =~ were carried out in the VC environment. Besides, this paper
process of switching from the undamping status to  verified the superiority of the proposed method by compar-
the damping status, and the value of the damping  ing with the undamping system, constant damping system,
coefficient { gradually increase to the target value £  and traditional variable damping system based on the yaw
in the form of an exponential function. If the value  of the ship which is described in Section 3.2.



Journal of Sensors 11
1 n
1
0.8
8
5 0.6 ‘
ot |
) |
Z 044 R TR
o |
a | I
02+ - M& . ‘
A ! Moy de ] uM‘ ol
o oY “Mn i ool
0 1 2 3
Time (day)
- - - Traditional second-order damping network
- - - Traditional third-order damping network
- -~ Complementary filtering horizontal damping network
FIGURE 12: Position error curves of different damping networks.
g
:
Time (h)
""" Constant
== - Traditional
— Novel
L1
2
E
2
2
g
2
Time (h)
East reference velocity error
""" North reference velocity error
1
o0
<
e
5
a
0
0 3 6 9 12 15 18 2 24
Time (h)
FIGURE 13: Simulation Experiment 1.
TaBLE 1: RMSEs of each damping network.
Abundant data from a shipborne INS collected during an No. 4.8h 11-15h
actual sea test were taken to be simulated in this paper. The
. . . pap . Constant 0.4961 0.2320
shipborne INS had two dual-axis gyros with ultralow drift -
and three orthogonal pendulous accelerometers which are ~ 1raditional 0.4288 0.3163
mounted on a gyrostabilized gimbaled platform. An altime- ~ Novel 0.3497 0.2318

ter and an EML were used to provide the altitude and
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reference velocity for the damping of the vertical and hori-
zontal channels, respectively.

The calculated position information of INS is compared
with the outputs of a GPS to obtain the position error. The
velocity information of the EML is compared with the out-
puts of a GPS to obtain the reference velocity error. A
damping flag indicates the situation of the damping switch
when using the novel method proposed in this paper. When
the damping flag is 0, the system is on the undamping
status. When the damping flag is 1, the system is on the
damping status. Besides, all experimental results are
normalized in this paper.

First, the data of the first five days were taken to simulate
the undamping and constant damping inertial navigation
systems. The position error curves are shown in Figure 11.
It shows that the position error of the undamping system is
divergent with the increase of time, while the position error
of the constant damping system does not diverge. In
addition, the traditional second-order damping network
and traditional third-order damping network INS data will

TaBLE 2: RMSEs of each damping network.

No. 1-4h 9-11h 18-24h
Constant 0.2358 0.4042 0.2733
Traditional 0.2117 0.4042 0.2415
Novel 0.1659 0.3616 0.2371

also be displayed to compare with the complementary filter-
ing horizontal damping network. Figure 12 shows that the
accuracy of the complementary filtering horizontal damping
network is the best.

4.1. Simulation Experiment 1. In Experiment I, data for the
first day during this sea test were taken to be simulated.
The sea test had an initial position error, then the ship started
to maneuver and the reference velocity error appeared. The
position error curves, reference velocity error curves, and
damping flag plot when using the novel variable damping
network are shown in Figure 13.
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The root mean square errors (RMSEs) of each damping TABLE 3: RMSEs of each damping network.
network, which evaluate the accuracy of the navigation posi-
tion, are listed in Table 1. No. 0-6h 22-25h 28-32h
Figure 13 shows that both the traditional variable damp- Constant 03391 0.2471 0.2560
ing system and the novel variable damping system can switch Traditional 02362 02276 0.2559
to the undamping status to reduce the position error when Novel 0.2015 0.1829 0.2429

the variation of the reference velocity error is high. However,
the position error of the novel system is smaller than that of
the traditional system, which indicates that the module of the
overshoot suppression can restrain the overshoot error of the
damping switch. The 11-15h segment of Figure 13 shows
that the position error of the traditional system increased;
the reason is that the system switched the damping status
due to the wrong judgement.

4.2. Simulation Experiment II. In Experiment II, data for the
third day during this sea test were taken to be simulated. The
position error curves, reference velocity error curves, and
damping flag plot are shown in Figure 14.

The RMSEs of each damping network are listed in
Table 2.

Figure 14 shows that the ability of the overshoot suppres-
sion of the novel variable damping system is stronger than
that of the traditional variable damping system. The 9-12h
segment of Figure 14 shows that the position error of the tra-
ditional system is the same as the constant damping system,
which indicates that the traditional system did not change
the damping status.

4.3. Simulation Experiment III. In Experiment III, 1.5 days of
data during this actual sea test were taken to be simulated.
The position error curves, reference velocity error curves,
and damping flag plot are shown in Figure 15.

The RMSE:s of each damping network are listed in Table 3.
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We can find that the ability of the overshoot suppression
of the novel variable damping system is stronger than that of
the traditional variable damping system; thus, the novel
system has the highest navigation accuracy.

4.4. Analysis. As shown in Figure 11, the undamping naviga-
tion system is not stable and its position information will
diverge with time. Figure 12 shows that the accuracy of the
complementary filtering horizontal damping network is the
best. Figures 13-15 indicate that the novel variable damping
system will switch from the external horizontal damping
status to the undamping status in a timely manner when
the reference velocity error changes. In this way, the position
error can be suppressed to a smaller extent, and the maxi-
mum position error is reduced compared with the constant
damping system and traditional variable damping system,
which indicates that the navigation accuracy of the novel
variable damping system is the best. Because it is difficult to
obtain the accurate reference velocity during the sea test,
the credible velocity error curves are not given here. But for
a system with horizontal velocity damping, the velocity error
can be approximated as the first-order differential of the
position error. Therefore, the simulation results can confirm
that the velocity accuracy of the novel variable damping
system is the best.

5. Conclusions

Aiming to address the problem that the navigation accuracy
of the constant damping system is sensitive to the error of
the reference velocity, and switching the damping status will
lead to a large overshoot error, a variable damping INS for
ships based on the variation of the reference velocity error
is proposed. In order to adapt to the long-term large ampli-
tude of the reference velocity error when the sea condition
is poor, this proposed method switches the damping status
according to the variation of the reference velocity error.
First, the principle of window detection is adopted to design
the damping switch basis to obtain the suitable damping
status. Besides, a fuzzy controller is used to avoid the system
switching frequently between damping status and undamp-
ing status. In addition, a design of the overshoot suppression
is applied to suppress the overshoot caused by the damping
status switch. Compared with the undamping system, con-
stant damping system, and traditional variable damping sys-
tem, simulation experiments verified that the novel variable
damping system which is proposed in this paper can attenu-
ate the error caused by the reference velocity error most effec-
tively. In conclusion, it has high significance on the occasions
when the reference velocity error maintains a large amplitude
for a long time and has certain engineering application value.

Data Availability

The initial data of the sea test used to support the findings of
this study are available from the corresponding author upon
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