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Abstract: The strapdown fiber optic gyrocompass (strapdown FOGC) system for ships primarily
works on external horizontal damping and undamping statuses. When there are large sea condition
changes, the system will switch frequently between the external horizontal damping status and the
undamping status. This means that the system is always in an adjustment status and influences
the dynamic accuracy of the system. Aiming at the limitations of the conventional damping
method, a new design idea is proposed, where the adaptive control method is used to design the
horizontal damping network of the strapdown FOGC system. According to the size of acceleration,
the parameters of the damping network are changed to make the system error caused by the ship’s
maneuvering to a minimum. Furthermore, the jump in damping coefficient was transformed into
gradual change to make a smooth system status switch. The adaptive damping network was applied
for strapdown FOGC under the static and dynamic condition, and its performance was compared with
the conventional damping, and undamping means. Experimental results showed that the adaptive
damping network was effective in improving the dynamic performance of the strapdown FOGC.

Keywords: strapdown fiber optic gyrocompass (strapdown FOGC); adaptive damping network;
overshoot error; external horizontal damping; dynamic performance

1. Introduction

There are five kinds of working statuses: Undamping, internal horizontal damping, internal
whole damping, external horizontal damping, and external whole damping in the strapdown fiber
optic gyrocompass (FOGC) system [1]. For the strapdown FOGC system with long working time, it
mainly works on external horizontal damping and undamping status. In order to adapt to different
navigational statuses, the strapdown FOGC system needs to frequently switch between the external
horizontal damping status and undamping status. Furthermore, the parameters of the horizontal
damping network adopted in the practical application of the strapdown FOGC system for ships often
are of fixed value, and it is therefore difficult to adapt to the damping needs of different accelerations.
When a ship sails straight with a constant velocity, the system works on the external horizontal
damping status; when the ship maneuvers, the system works on the undamping status through the
status switch. In this case, when there are larger changes in sea conditions, the system will frequently
switch between the external horizontal damping and undamping statuses, which means that the
system is always in an adjustment status. Currently, there is a large overshoot error as the balance
status of the system is destroyed, resulting in reduced system accuracy [2]. Therefore, optimizing the
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design of damping networks is of great theoretical and practical significance to improve the accuracy
of navigation systems [3].

With regard to the design for the damping network of inertial navigation system (INS),
the conventional design method is based on classical control theory, and the method of trying step by
step is used; for example, a first order damping network is given in Reference [4]. In References [5,6],
a two order horizontal damping network was discussed, and the parameters of the damping network
were of a fixed value. In Reference [7], the velocity, position, and acceleration errors of two sets of INS
feedbacks to the Schuler loop formed a damping network, but required two sets of INS. In Reference [8],
they aimed at the problem of the Earth cycle oscillation component of latitude and azimuth error
which can reduce the accuracy of INS, and a three order damping network was introduced and
the azimuth damping network with many damping coefficients was designed through trial and
error. A two-order damping network was designed in Reference [9], where a fuzzy controller was
used to judge the motion state of the carrier at the current time and the data fusion strategy was
used to control the switch between the undamping and internal damping status. In Reference [10],
a horizontal damping discretization algorithm with a bilinear transformation was designed and was
based on the three order compass alignment network, in combination with the selection principle
of the horizontal damping network in strict accordance with the requirements of the dominant
pole placement method. An optimal two-order horizontal damping network with various damping
coefficients was given in References [11,12]. In Reference [13], a novel damped compensation algorithm
was presented. According to control theory, the system added three different damp feedbacks in three
loops, which made use of its own velocity information to perform compensation for errors. A technique
of adaptive robust (AR) damping of oscillations in the gyro-accelerometer system was proposed in
Reference [14]. In References [15,16], based on modern control theory, a new method used Kalman
filtering and feedback calibration to damp the Schuler oscillation on INS. A kind of fuzzy internal
damping algorithm was introduced in References [17–19], according to fuzzy rules, where three-axis
accelerometer information was used to determine the motion state of the system in real time, before
accurately controlling the use of the internal damping algorithm. An adaptive network based on fuzzy
inference system (ANFIS) for strapdown FOGC was proposed in Reference [20]. ANFIS was utilized
to adjust the damping ratio automatically in terms to the ship maneuver conditions. A geometric
method, based on a tetrahedral configuration to obtain a deterministic fix for position, is proposed in
References [21,22].

With regard to the overshoot error caused by the switch, an adaptive hybrid intelligent control was
adopted in Reference [23]. According to the changes of difference between system and external velocity,
the damping coefficient was corrected in real time to keep the system errors caused by the ship’s
maneuverability to a minimum. In Reference [24], a method of internal horizontal damping, based
on the control of variable damping ratios was presented. It realized linear correction of the damping
coefficients and effectively inhibited the overshoot error caused by the switch between the undamping
status and damping status by changing the proportional control coefficient. In Reference [25], based
on a detailed study and analysis of the overshoot phenomenon in the integrated calibration process of
the platform inertial navigation system (PINS), the automatic compensation technique was adopted to
reduce overshoot. In Reference [26], to address the problem of overshoot when the working status of
the strapdown inertial navigation system (SINS) switched in the state of damping, an algorithm for
overshoot error mitigation based on double mode was proposed.

In order to remedy for the defects of the fixed damping parameters, an adaptive damping
network for the strapdown FOGC system was designed and implemented. By taking the horizontal
velocity error as the objective function of the adaptive control, the optimal function between the
damping coefficient and variation of the east component of velocity error of the damping network
was established. According to the design principle of the two-order damping network, an adaptive
damping network with timely variable damping coefficients was obtained using least square fitting.
To address the problem of the overshoot error caused by status switching, an adaptive smooth
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switching technique is proposed in this paper. When the strapdown FOGC system switches from the
undamping to damping status, the step size of the damping coefficient was adjusted to reduce the
jump in the switching. The jump of the damping coefficient then transformed into a gradual change,
thus allowing the overshoot caused by the change of damping network parameters to be effectively
restrained. The effectiveness of the scheme was experimentally verified, and the dynamic performance
of the strapdown FOGC system was obviously improved.

The outline of this paper is as follows: Section 1 is the introduction; the conventional external
horizontal damping network and overshoot errors are reviewed briefly in Section 2; the proposed
adaptive damping network designed for the strapdown FOGC for ships is provided in Section 3;
Section 4 describes the technique used to restrain overshoot caused by the status switching of external
damping; experimental results and discussions about the proposed method applied in the strapdown
FOGC system are presented in Section 5, and Section 6 summarizes the conclusions.

2. The Conventional External Horizontal Damping Network and Overshoot Error

If we take the north-level correction circuit of the strapdown FOGC system as an example, the
horizontal loop model of the strapdown FOGC system is constructed [27,28] and is shown in Figure 1.
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Figure 1. North-level correction circuit of the strapdown fiber optic gyrocompass (FOGC) system [27,28].

As shown in Figure 1, Ay denotes the north component of acceleration; ∆Ay indicates the north
component of velocity zero error; Vy denotes the north component of velocity; εx indicates the east
component of gyro bias; φ0 denotes the initial misalignment angle; R is the Earth’s radius; g denotes
gravitational acceleration; φx indicates the east component of misalignment angle; 1/s denotes
integral operator.

We considered that gyro drift was the main error source of the strapdown FOGC system. In order
to simplify the analysis, we assumed that only the influence of the east component of gyro drift
was considered. The transfer function from gyro bias εx to the horizontal error angle φx is defined
as follows:

φx

εx
=

s
s2 + g/R

=
s

s2 + ω2
s

(1)

where ωs =
√

g/R is the Schuler angular frequency.
With regard to the undamping strapdown FOGC system, it produces continuous oscillation or

divergent errors under excitation of the constant gyro or random drift [27,28]. In order to restrain and
attenuate the oscillation error of the strapdown FOGC (mainly referring to 84.4 min Schuler periodic
oscillation), it is common to add the damping network H(s) into the forward channel of the correction
circuit. The velocity information is the input into the damping network (shown in Figure 2). Changing
the characteristic equation of the system to make the system have a negative real part eigenvalue,
allows the strapdown FOGC system to stay in an asymptotically stable status [29,30].
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After adding the damping network, the transfer function from gyro bias εx to the horizontal error
angle φx is

φx

εx
=

s
s2 + ω2

s H(s)
. (2)

As the damping network damages the condition of being without the interference Schuler tune,
the transfer function from acceleration Ay to the horizontal error angle φx is added into the strapdown
FOGC system after adding the damping network, and is calculated as follows:

φx

Ay
=

1− H(s)
s2 + ω2

s H(s)
. (3)

In order to minimize the impact of maneuvering acceleration on the strapdown FOGC system,
it is known from Equation (3) that damping network H(s) should be as close to 1 as possible; namely,
the damping coefficient should be as small as possible. In contrast, in order to restrain and attenuate
the oscillation error, it is known from Equation (2) that damping network H(s) makes the system have
negative eigenvalues and provides a positive phase shift in the neighbor range of the Schuler angular
frequency, ωs, and the larger the damping coefficient, the better. Considering the two above-mentioned
conflicting aspects, the eclectic approach is commonly adopted in actual work, where around 0.5 is
selected for the equivalent damping coefficient of the damping network. After repeated attempts,
the parameters of network H(s) were adjusted to meet the requirements. The following two forms are
generally adopted in the damping network [31,32].

H(s) =
(s + 8.8× 10−4)(s + 1.97× 10−2)

2

(s + 4.41× 10−3)(s + 8.8× 10−3)2 , (4)

H(s) =
(s + 8.5× 10−4)(s + 9.412× 10−2)

(s + 8.0× 10−3)(s + 1.0× 10−2)
. (5)

Equation (4) was selected as the damping network in this paper. When the strapdown FOGC
system switches from the undamping status to the damping status, the circuit parameters mutate.
According to the basic principle of automatic control, the output of the damping network under the
action of step-input is

Y(s) =
(s + 8.8× 10−4)(s + 1.97× 10−2)

2

(s + 4.41× 10−3)(s + 8.8× 10−3)2
1
s

. (6)

The output of the damping network in time domain can be obtained after adopting an inverse
Laplace transformation on Equation (6):

y(t) = 1− (0.0244t + 9.7101)e−0.0088t + 9.7101e−0.0044t. (7)
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The response step of the damping network was analyzed from Equations (6) and (7), before the
time domain response curve was obtained, as shown in Figure 3. It is known that the damping network
in the time domain will overshoot under the action of input step.
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Figure 3. Response step of the damping network.

After the overshoot output enters into the calculating loop, it causes an overshoot error of
navigation parameters when the damping status of the strapdown FOGC system switches. In some
cases, this kind of overshoot will be larger. The overshoot of the roll error, when the undamping status
is switched to the damping status, is shown in Figure 4.
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Figure 4. Switching overshoot without compensation.

It can be seen in Figure 4 that the overshoot of the roll error was approximately two-fold when
the statuses switched, and, in some cases, the overshoot may be even larger. A larger overshoot
over a longer period will increase the error between the navigation parameter output from the
strapdown FOGC system and the actual attitude of the carrier, which affects the reliability of the
navigation parameters. This problem has not been resolved well in the conventional external horizontal
damping network.

3. Design of the Adaptive Damping Network

3.1. The Control Scheme of the Adaptive Damping Network

The control scheme of the external horizontal damping block of a single channel was designed,
as shown in Figure 5. The external velocity and system velocity were selected as the measured signals;
the feed-forward adaptive control structure was adopted to control the damping network in real time;
and the modified external horizontal damping block diagram is shown in Figure 6.
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As shown in Figure 5, H(s) is the damping network; Vrn is the north component of external
velocity;

.
Vn is the north component of acceleration; R is the Earth’s radius; g is the gravitational

acceleration; α is the north component of the horizontal error angle; θx is the angle at which the
geographic coordinate system rotates in the inertial space; φx is the angle at which the navigation
coordinate system rotates in the inertial space.

In Figure 6, K(s) = A/(S + ω1) + B/(S + ω2) is an adjustable parameter controller and
G(s) = 1/RS2 is the process transfer function. The feed-forward adaptive control is also known
as open loop adaptive control. With the help of measuring the process signal and through the adaptive
mechanism (in accordance with the measured signal to change the state of the controller), the goal
of changing the characteristics of the system was achieved [32,33]. The relationship between the
measurement signal and the adjustable parameters of the controller can be established by the adaptive
mechanism, which is the relationship between the system speed, the external speed signal, and the
system equivalent damping coefficient.

3.2. The Relationship between the System Velocity, External Velocity, and the Damping Coefficient

We selected the system velocity error as the objective function of adaptive control:

J =
∫

(δV2
e + δV2

n )dt. (8)

where δVe, δVn are the east velocity error and the north velocity error in the system, respectively.
It is known from the principle of inertial navigation systems that the influence of the difference,

δV, between system velocity and external velocity on the system error is closely related to the size of the
equivalent damping coefficient. Supposing that the horizontal gyro drift of a certain type of strapdown
FOGC system is 0.006o/h and the azimuth gyro drift is 0.001o/h, the double loop optimization method
was used for simulation in MATLAB. The specific methods are as follows: δV is fixed as a constant,
the initial value of the damping coefficient is 0.01 and changes with a step of 0.01, and the optimal
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damping coefficient was obtained through the minimum objective function J. By changing the value
of δV and repeating the above-mentioned steps, the optimal damping coefficient corresponding to
all values of δV can be obtained. The approximate ideal corresponding relationship between δVe and
damping coefficient ξ are shown in Table 1.

Table 1. The corresponding relationship between δVe and damping coefficient ξ.

δVe/kn ξ

3.0 0.04
1.8 0.05
0.7 0.08
0.6 0.10
0.5 0.12
0.4 0.22
0.3 0.44
0.2 0.64
0.1 0.82
0.0 0.99

The relational expression can be obtained through the curve fitting data in Table 1 based on the
least square fitting method.

ξ = 0.3076δV2
e + 1.1452δVe + 0.8101. (9)

The interpolation models of external velocity and system velocity are as follows:

δVe = δVce + δVre + kxVe, (10)

δVn = δVcn + δVrn + kyVn. (11)

where δVce, δVcn are the constant errors of δVe and δVn, respectively; δVre, δVrn are the random errors
of δVe and δVn, respectively; kx, ky are the maneuver coefficients of the ship, and their range is 0–1;
and Ve, Vn are the east component of velocity and the western velocity, respectively.

3.3. Adaptive Design of the Damping Network Parameters

In the event that the damping network of the system is [27,28]:

H(s) = 1 +
A

s + ω1
+

B
s + ω2

(12)

where A, B, ω1 and ω2 are parameters of the damping network.
Then, the characteristic equation of the system is

s4 + (ω1 + ω2)s3 + (ω1ω2 + ω2
n)s

2 + ω2
n(ω1 + ω2 + A + B)s + ω2

n(ω1ω2 + Aω2 + Bω1) = 0 (13)

where ωn is the undamping natural oscillation frequency, ωn =
√

g/R.
Supposing that the dominant pole of the system is

s1,2 = σ + jωd (14)

then the other two poles are
s3 = n1σ, s4 = n2σ n1, n2 ≥ 5. (15)
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According to control theory,

ωd = ωn

√
1− ξ2, σ = ωnξ. (16)

Then, the characteristic equation of the system is

s4 − (n1 + n2 + 2)ωnξs3 + ((n1n2 + 2(n1 + n2) + 1)ω2
nξ2 + ω2

n(1− ξ2))s2−
((2n1n2 + n1 + n2)ω

3
nξ3 + (n1 + n2)ω

3
n(ξ − ξ3))s ++n1n2ω4

nξ2 = 0.
(17)

When comparing Equation (16) with Equation (17), the following equations are obtained:
ω1 = 2b

a+
√

a2−4b
ω2 = b

ω1

A = (c−a)ω1−(d−b)
ω1−ω2

B = −Aω2
ω1

(18)

where a = −(n1 + n2 + 2)ωnξ, b = −ω2
n + (n1n2 + 2(n1 + n2) + 1)ω2

nξ2 + ω2
n(1 − ξ2),

c = −((2n1n2 + n1 + n2)ω
3
nξ3 + (n1 + n2)ω

3
n(ξ − ξ3))/ω2

n, and d = n1n2ω4
nξ2/ω2

n.
Following the system stability criterion, we have:

|n1 − n2| ≥ 9. (19)

Taking Equation (15) into consideration, we can recommend n1 = 14, n2 = 5.
Substituting Equation (7) into Equation (18), we can obtain ω1 = f1(δVe), ω2 = f2(δVe),

A = f3(δVe), B = f4(δVe). In this way, the controller parameters can be adjusted in real time according
to the difference (δV) in the external velocity and the system velocity, but δV must be filtered to prevent
large fluctuations in the damping parameters, resulting in an unstable system.

4. Suppression Technique of the Overshoot

From Schuler, Foucault, and the Earth circuit, the adjustment of the parameters is a slowly
changing process. When the system switches working statuses, the introduction of interference will
make the system produce the overshoot phenomenon. The navigation and positioning information
provided by the system, which obviously has a large error in the time of system generated overshoot,
will be analyzed in depth in this section.

4.1. Analysis of the Overshoot

When the strapdown FOGC system switches from the undamping status to the horizontal
damping status, the damping network is introduced. The system no longer meets the Schuler adjusting
condition, and the condition that the acceleration is without interference in the system is not fulfilled,
so the equilibrium status is destroyed. The simplified error principle diagram of strapdown FOGC is
shown in Figure 7.



Sensors 2017, 17, 494 9 of 17Sensors 2017, 17, 494 9 of 17 

 

1

s

1

s

1

R

1 ( )xH s

1 ( )yH s

cosie 

sinie 
tan

cosie 

1

s
1

R

( )cxV s

( )rxV s

cx xV H cy

cz

z

y






0

( )cyV s

( )ryV s

cy yV H cx

x



 
Figure 7. The simplified error principle diagram of strapdown FOGC. 

As shown in Figure 7, xA  is the acceleration along the east direction of the geographical 

coordinate system; cxV  is the east component of velocity of the FOGC system; rxV  is the east 

component of the external velocity; ( )xH s  is the east component of the horizontal damping 

network; ie  is the Earth rate. 
It is supposed that the strapdown FOGC system switches from the undamping status to the 

external horizontal damping status at the time t0. When the system is using the undamping status, 
the corrected angular velocity is 

0
0( ) cos cx

cy ie c

V
t

R
      (20) 

where 0cxV  denotes the east component of velocity of the strapdown FOGC at the time of switching. 
The Schuler oscillation is the shortest period of oscillation in the undamping status; therefore, it can 
be considered that the east horizontal loop of the strapdown FOGC is stable at some point. Then, we 
obtain the following: 

0 0( ) ( ) sin 0cy y ie ct t         (21) 

where y  is the north component of the gyro bias. After the system switches to the external 
horizontal damping status, the corrected angular velocity of the gyro is as follows: 

0 0 0 0 0
0 0( ) cos [1 ( )] ( ) [1 ( )]cx rx cx rx cx

cy ie c x cy x

V V V V V
t H t t H t

R R R
     

        (22) 

where 0 0rx cxV V  are the differences between the external velocity and the instantaneous value of 
the east velocity at the time of switching. When the system works using the undamping status, it is 

hard to ensure that 0 0 0rx cxV V   because there is an error in the external velocity. Comparing 
Equation (20) to Equation (22), the corrected angular velocity mutates after the status switches. It is 
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As shown in Figure 7, Ax is the acceleration along the east direction of the geographical coordinate
system; Vcx is the east component of velocity of the FOGC system; Vrx is the east component of the
external velocity; Hx(s) is the east component of the horizontal damping network; ωie is the Earth rate.

It is supposed that the strapdown FOGC system switches from the undamping status to the
external horizontal damping status at the time t0. When the system is using the undamping status,
the corrected angular velocity is

ωcy(t−0 ) = ωie cos ϕc +
Vcx0

R
(20)

where Vcx0 denotes the east component of velocity of the strapdown FOGC at the time of switching.
The Schuler oscillation is the shortest period of oscillation in the undamping status; therefore, it can
be considered that the east horizontal loop of the strapdown FOGC is stable at some point. Then,
we obtain the following:

ωcy(t−0 ) + εy − δϕ(t−0 )ωie sin ϕc = 0 (21)

where εy is the north component of the gyro bias. After the system switches to the external horizontal
damping status, the corrected angular velocity of the gyro is as follows:

ωcy(t+0 ) = ωie cos ϕc +
Vcx0

R
+

Vrx0 −Vcx0

R
[1− Hx(t)] = ωcy(t−0 ) +

Vrx0 −Vcx0

R
[1− Hx(t)] (22)

where Vrx0 −Vcx0 are the differences between the external velocity and the instantaneous value of the
east velocity at the time of switching. When the system works using the undamping status, it is hard to
ensure that Vrx0 −Vcx0 = 0 because there is an error in the external velocity. Comparing Equation (20)
to Equation (22), the corrected angular velocity mutates after the status switches. It is known that the
equilibrium status of the whole east loop is broken when the angular rate mutates from Equation (21).

The same problem exists in the north loop and the azimuth loop. When the system switches from
the undamping status to the damping status, the corrected angular rate mutates and the equilibrium
status of the north and azimuth loop is broken, thus, overshoot occurs.



Sensors 2017, 17, 494 10 of 17

4.2. Overshoot Suppression of External Damping Status Switching

The variation of the corrected angular velocity is proportional to the difference of the damping
ratio before and after switching, and, at the same time, it is inversely proportional to the damping
coefficient from the analysis results of external damping. An adaptive smooth switching technology,
based on the above-mentioned analysis was put forward. When the strapdown FOGC system switches
from the undamping status to the damping status, the changing step of damping coefficient ξ is
adjusted to reduce the jumping change caused by the switch. The jumping change is transformed into
the gradual change of the damping coefficient ξ, to try to make the system status switch smoothly.
The design idea addressed: In order to reduce the overshoot due to the acceleration varies from A1 to
A2, the damping coefficient corresponding to A2 is adjusted by A1 ± 0.1 every 2 min, until its value
reaches the damping coefficient of A2. A calculation flow chart of an adaptive damping network is
shown in Figure 8.
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The block diagram of the strapdown FOGC system is shown in Figure 9. Symbols n and e represent
the navigation coordinate system and the Earth coordinate system, respectively. Vb

r and Vn
r denote the

external velocity from the EM log in the body coordinate system and navigation coordinate system,
respectively. The subscript 0 represents the initial value. Bn and f b

y denote the disturbing acceleration
and the output of accelerometer along the y axis, respectively. λ and ϕ indicate the longitude and
latitude, respectively. Vn represents the velocity of the strapdown FOGC system in the navigation
coordinate system. ωC

AB denotes the angular velocity of the B coordinate system relative to the A
coordinate system, projected in the C coordinate system.

∫
x and dx/dt represent the integral and

differential of variable x, respectively.
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As shown in Figure 9, the calculation flow chart of an adaptive network based on adaptive control
theory is as shown in Figure 8. It is used to adjust the damping ratio for the damping network H(s) to
make the system status switch smoothly.

5. Experimental Results and Discussions

In order to verify the effectiveness of the adaptive damping network, a great deal of simulation
experiments and vehicle testing were carried out.

5.1. System Simulation Experiment

Supposing that the initial position was 32◦03′52.93′ ′ N, 118◦48′4.04′ ′ E, the gyro constant drift
is εxc = εyc = εzc = 0.02o/h; the gyro random drift is εxr = εyr = εzr = 0.006o/h; the acceleration
zero bias is ∆Ax = ∆Ay = 50 µg; the initial position error is δϕ0 = 0.1′, δλ0 = 0.1′; the velocity
constant error is δVce = δVcn = 0.1 kn; the velocity random error is δVre = δVrn = 0.2 kn; and the
initial error angle is φx = φy = 0.1o, φz = 1.5o. The ship motion status is set as follows: when
0 ≤ t < 10 h, the ship sails straight at a constant velocity of V = 2 kn and a heading of H = 45o.
When 10 h ≤ t < 10 h 2 min, the ship sails at variable acceleration and acceleration increases from
0 kn/min to 4 kn/min. When 10 h 2 min ≤ t < 10 h 4 min, the acceleration decreases from 4 kn/min
to 0 kn/min. At time t = 10 h 4min, it switches to a constant velocity motion. The strapdown FOGC
attitude error curves when the ship sails at a variable acceleration are shown in Figures 10–12.

It is known from theoretical analyses that, when the maneuverability of the carrier is larger,
the system error of the undamping status is at a minimum; however, as the system works in the
critical state, when disturbed, the system error easily diverges, but this working mode is rarely used
on ships with long working times. However, when the external velocity error has larger changes in the
single working mode of the external horizontal damping, the attitude error, velocity error and position
error have large fluctuations, resulting in the so-called “bulge” phenomenon, and is rarely used in
actual systems.
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Figure 10. Pitch error.
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Figure 12. Heading error.

The dotted red line is the error curve of the strapdown FOGC, adopting the conventional damping
network. The system emerges overshoot phenomenon and the system error is larger. The solid blue line
is the error curve of the strapdown FOGC adopting the adaptive damping network, and its damping
coefficient can be adjusted in a timely manner with changes of acceleration relative to the conventional
damping network. The solid green line is the error curve of the strapdown FOGC adopting the
undamping network. It can be seen in Figures 10–12 that, when adopting the adaptive damping
network, the oscillation amplitude of error angles caused by the ship’s maneuvering is smaller, and the
dynamic performance of the system is obviously improved. When acceleration is reduced, the system
gradually turned from strong damping to weak damping, and the overshoot is also very small as the
method where the damping coefficient is gradually changed is adopted.
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5.2. Vehicle Experiment

In order to verify the feasibility and reliability of the adaptive damping network designed in
this study, a vehicle experiment was carried out on a relatively flat route in the Kowloon Lake
campus of Nanjing Southeast University . In the vehicle experiment, position and homing inertial
navigation system (PHINS) developed by the French iXBlue company and FOSN (inertial measurement
unit (IMU)) developed by Casic33s were fixed together on a panel board and placed in the interior
of the experimental vehicle. The parameters of our FOG and accelerometer are shown in Table 2.
The update frequency of IMU data was 200 Hz. The constant drift, scale factors, cross coupling
coefficient, installation error angle, etc., were calculated and compensated using the exact calibrations
in References [33,34], so that these errors could all be ignored in the calibration.

Table 2. Parameters of the fiber optic gyro (FOG)and accelerometer.

FOG Accelerometer

Constant errors 0.006◦/h Constant errors 50 µg
Random errors 0.006◦/

√
h Random errors 50 µg

PHINS was set as the combination model with global position system (GPS), and the output
of attitude information after PHINS and GPS, combined, was used as a reference index of vehicle
navigation information. Equipment installation and the interior environment in the vehicle experiment
are shown in Figures 13 and 14.
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As shown in Figure 15, the experimental environment consisted of PHINS, IMU (FOSN),
two computers, a global navigation satellite system (GNSS) receiver, data acquisition card, local area
network, serial communication port, etc.
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Figures 16–18 show that our proposed adaptive damping method has a better performance than
the conventional damping method. In our proposed method, the damping coefficient can be adjusted
in a timely manner with changes of acceleration. Thus, oscillation amplitudes of attitude and heading
angle errors decrease, while the overshoot (due to status switching) is very small. Furthermore,
the attitude and heading angles of our proposed method are more accurate than the conventional one.
Thus, the dynamic performance of the strapdown FOGC system is improved.
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6. Conclusions 

When the strapdown FOGC system for ships, adopting the external horizontal damping 
network, is in a dynamic case due to the influence of changing ocean currents and log disturbances, 
the oscillation amplitude of the system error is large, and switching from the undamping status to 
damping status will lead to a large overshoot error. Addressing the two major problems in the 
strapdown FOGC system, the adaptive control scheme of the external horizontal damping network 
was designed and realized. The difference in system velocity and log velocity were selected as the 
objective functions of adaptive control; the optimization function of variation of the damping 
coefficient with regard to velocity difference was established. According to the design principle of 
the two-order damping network, the adaptive damping network with variable damping coefficient 
was obtained by adopting the least square fitting. In order to restrain the overshoot error, the 
principle of overshoot phenomenon was analyzed, and the gradual changing technology of the 
damping coefficient was adopted to decrease the overshoot. Theoretical analyses and experimental 
results showed that the method can effectively reduce the oscillation amplitude of the system error 
and improve the dynamic performance of the strapdown FOGC system. 

Acknowledgments: The research was supported by the National Natural Science Foundation of China (Grant 
Nos. 51175082, 61473085, 51375088); the Foundation of Key Laboratory of Micro-Inertial Instrument and 
Advanced Navigation Technology of the Ministry of Education of China (201403); the Fundamental Research 
Funds for the Central Universities (2242015R30031); and the Key Laboratory fund of the Ministry of Public 
Security based on large data structure (2015DSJSYS002). 

Author Contributions: Jin Sun, Xiaosu Xu, Yiting Liu and Tao Zhang conceived of and designed this study; Jin 
Sun and Yiting Liu performed the experiments; Jin Sun wrote the paper; Yao Li and Jinwu Tong reviewed and 
edited the manuscript. All authors read and approved this manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Huang, D.M.; Zhang, S.X.; Sun, F. Gyrocompass; National Defence Industry Press: Beijing, China, 1990; pp. 
133–152. 

2. Britting, K.R. Inertial Navigation Systems Analysis; Artech House Publishers Press: London, UK, 2010; pp. 
226–260. 

3. Gao, W.; Zhang, Y.; Xu, B.; Ben, X. Analyses of Damping Network Effect on SINS. In Proceedings of the 
2009 IEEE International Conference on Mechatronics and Automation, Changchun, China, 9–12 August 
2009; pp. 2530–2536. 

4. Li, K.; Liu, F.; Xu, Y.F. Research on internal damping algorithm of marine inertial navigation system. In 
Proceedings of the Intelligent Computing and Information Science, Chongqing, China, 8–9 January 2011; 
pp. 256–261. 

5. Zha, F.; Xu, J.N.; Qin, F.J.; Ji, B. Damp Network Design of Horizontal Loop in Strapdown Inertial 
Navigation System. Acta Armamentarii 2011, 8, 996–1001. 

Figure 18. Heading error.

6. Conclusions

When the strapdown FOGC system for ships, adopting the external horizontal damping network,
is in a dynamic case due to the influence of changing ocean currents and log disturbances, the oscillation
amplitude of the system error is large, and switching from the undamping status to damping status will
lead to a large overshoot error. Addressing the two major problems in the strapdown FOGC system,
the adaptive control scheme of the external horizontal damping network was designed and realized.
The difference in system velocity and log velocity were selected as the objective functions of adaptive
control; the optimization function of variation of the damping coefficient with regard to velocity
difference was established. According to the design principle of the two-order damping network,
the adaptive damping network with variable damping coefficient was obtained by adopting the least
square fitting. In order to restrain the overshoot error, the principle of overshoot phenomenon was
analyzed, and the gradual changing technology of the damping coefficient was adopted to decrease
the overshoot. Theoretical analyses and experimental results showed that the method can effectively
reduce the oscillation amplitude of the system error and improve the dynamic performance of the
strapdown FOGC system.

Acknowledgments: The research was supported by the National Natural Science Foundation of China (Grant
Nos. 51175082, 61473085, 51375088); the Foundation of Key Laboratory of Micro-Inertial Instrument and Advanced
Navigation Technology of the Ministry of Education of China (201403); the Fundamental Research Funds for the
Central Universities (2242015R30031); and the Key Laboratory fund of the Ministry of Public Security based on
large data structure (2015DSJSYS002).

Author Contributions: Jin Sun, Xiaosu Xu, Yiting Liu and Tao Zhang conceived of and designed this study;
Jin Sun and Yiting Liu performed the experiments; Jin Sun wrote the paper; Yao Li and Jinwu Tong reviewed and
edited the manuscript. All authors read and approved this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huang, D.M.; Zhang, S.X.; Sun, F. Gyrocompass; National Defence Industry Press: Beijing, China, 1990;
pp. 133–152.

2. Britting, K.R. Inertial Navigation Systems Analysis; Artech House Publishers Press: London, UK, 2010;
pp. 226–260.

3. Gao, W.; Zhang, Y.; Xu, B.; Ben, X. Analyses of Damping Network Effect on SINS. In Proceedings of the 2009
IEEE International Conference on Mechatronics and Automation, Changchun, China, 9–12 August 2009;
pp. 2530–2536.

4. Li, K.; Liu, F.; Xu, Y.F. Research on internal damping algorithm of marine inertial navigation system.
In Proceedings of the Intelligent Computing and Information Science, Chongqing, China, 8–9 January 2011;
pp. 256–261.

5. Zha, F.; Xu, J.N.; Qin, F.J.; Ji, B. Damp Network Design of Horizontal Loop in Strapdown Inertial Navigation
System. Acta Armamentarii 2011, 8, 996–1001.



Sensors 2017, 17, 494 16 of 17

6. Chen, J.H.; Hao, Y.L.; Wu, L.; Yan, L.; Gan, S. Research and Realization of Inertial Gyrocompass System
Based on INS. In Proceedings of the 7th World Congress on Intelligent Control and Automation, Chongqing,
China, 25–27 June 2008; pp. 6433–6438.

7. Zhao, W.Y.; Yang, G.L.; Zhuang, L.J.; Wu, J.J. Study on Level Damp of Double Inertial Navigation System.
J. Syst. Simul. 2007, 5, 1109–1111.

8. Cheng, J.H.; Shi, J.Y.; Rong, W.T.; Yan, L. Research and realization of an azimuth damping inertial navigation
system based on multi-damping coefficient. J. Harbin Eng. Univ. 2011, 6, 786–791.

9. Li, K.; Zhang, J.J.; Liu, F. A fuzzy control internal damping algorithm in a long-endurance inertial navigation
system. J. Harbin Eng. Univ. 2012, 4, 485–488.

10. Liu, C.; Long, X.W.; Wei, G.; Gao, C.F. Inner damping network and algorithm research of horizontal loop in
SINS. Infrared Laser Eng. 2014, 8, 2637–2643.

11. Huang, W.Q.; Hao, Y.L.; Cheng, J.H.; Li, G.; Fu, J.Q.; Bu, X.B. Research of the inertial navigation system with
variable damping coefficients horizontal damping networks. In Proceedings of the OCEANS’04 MTS/IEEE
TECHNO-OCEAN’04, Kobe, Japan, 9–12 November 2004; pp. 1272–1276.

12. Qin, F.J.; Li, A.; Xu, J.N.; Zha, F. Horizontal inner damping method with continuously adjustable parameter
for inertial navigation system. J. Chin. Inert. Technol. 2012, 3, 290–293.

13. Xu, B.; Sun, F. An Independent Damped Algorithm based on SINS for Ship. In Proceedings of the
2009 International Conference on Computer Engineering and Technology, Singapore, 22–24 January 2009;
pp. 88–92.

14. Chernodarov, A.V. Adaptive robust damping of divergent oscillations in updatable inertial systems.
In Proceedings of the 2nd International Conference, St. Petersburg, Russia, 5–7 July 2000; pp. 133–134.

15. Zhao, L.; Li, J.S.; Cheng, J.H.; Hao, Y. Damping strapdown inertial navigation system based on a Kalman
filter. Meas. Sci. Technol. 2016, 11, 1–12. [CrossRef]

16. Liu, F.; Liu, C.; Weng, H.N.; Hu, X.M. Level damping algorithm of SINS based on Kalman filtering. J. Chin.
Inert. Technol. 2013, 3, 285–288.

17. Du, Y.L.; Liu, J.Y.; Liu, R.H.; Sun, Y.R. Fuzzy Damping Algorithm in Strapdown Attitude Heading Reference
System. J. Nanjing Univ. Aeronaut. Astronaut. 2005, 3, 274–278.

18. Liu, J.Y.; Du, Y.L.; Zhu, Y.H.; Li, R.B. Damp Kalman Filter with Fuzzy Adaptive Algorithm in AHRS.
J. Nanjing Univ. Aeronaut. Astronaut. 2007, 2, 137–142.

19. Du, Y.L.; Liu, J.Y.; Li, R.B.; Zhu, Y.H. The Fuzzy Kalman Filter of Damp Attitude Algorithm. J. Astronaut.
2007, 2, 305–309.

20. Li, Q.; Ben, Y.Y.; Sun, F. Strapdown fiber optic gyrocompass using adaptive network-based fuzzy inference
system. Opt. Eng. 2014, 1, 1–11. [CrossRef]

21. Allotta, B.; Costanzi, R.; Meli, E.; Pugi, L.; Ridolfi, A.; Vettori, G. Cooperative localization of a team of AUVs
by a tetrahedral configuration. Robot. Auton. Syst. 2014, 8, 1228–1237. [CrossRef]

22. Allotta, B.; Pugi, L.; Costanzi, R.; Vettori, G. Localization Algorithm for a fleet of three AUVs by INS, DVL
and Range measurements. In Proceedings of the 15th International Conference on Advanced Robotics,
Tallinn, Estonia, 20–23 June 2011; pp. 631–636.

23. Liu, W.R.; Zhuang, L.J. Adaptive hybrid intelligent control of an INS level damp network. J. Harbin Inst. Tech.
2005, 11, 1586–1588.

24. Chen, J.H.; Hao, Y.L.; Sun, F.; Wang, X.Z. Application of auto-compensation technique in the comprehensive
calibration of INS. J. Harbin Eng. Univ. 2008, 1, 40–44.

25. Xu, B. High-Precision Fiber-Gyroscope Inertial Navigation System Technique for Warship. Ph.D. Thesis,
Harbin Engineering University, Harbin, China, 2010.

26. He, H.Y.; Xu, J.N.; Qin, F.J. Research for SINS Damping Overshoot Error Suppression Algorithm. Ship Electron.
Eng. 2012, 11, 39–41.

27. Huang, D.M.; Chen, L. Inertial Navigation System; National Defence Industry Press: Beijing, China, 1986;
pp. 107–112.

28. Qin, Y.Y. Inertial Navigation; Beijing Science Press: Beijing, China, 2006; pp. 42–147.
29. Du, Y.L.; Liu, J.Y.; Liu, R.H. The fuzzy Kalman filter of damp attitude algorithm. J. Astronaut. 2007, 2,

305–309.
30. Dorf, R.C.; Bishop, R.H. Modern Control Systems, 12nd ed.; Prentice Hall Press: Upper Saddle River, NJ, USA,

2010; pp. 98–108.

http://dx.doi.org/10.1088/0957-0233/27/11/115102
http://dx.doi.org/10.1117/1.OE.53.1.014103
http://dx.doi.org/10.1016/j.robot.2014.03.004


Sensors 2017, 17, 494 17 of 17

31. Xia, D.Z.; Hu, Y.W.; Ni, P.Z. A Digitalized Gyroscope System Based on a Modified Adaptive Control Method.
Sensors 2016, 3, 321. [CrossRef] [PubMed]

32. Park, S.S. Adaptive control of a vibratory angle measuring gyroscope. Sensors 2010, 10, 8478–8490. [CrossRef]
[PubMed]

33. Cai, Q.Z.; Yang, G.L.; Song, N.F.; Liu, Y.L. Systematic Calibration for Ultra-High Accuracy Inertial
Measurement Units. Sensors 2016, 16, 940. [CrossRef] [PubMed]

34. Gao, W.; Zhang, Y.; Wang, J.G. Research on Initial Alignment and Self-Calibration of Rotary Strapdown
Inertial Navigation Systems. Sensors 2015, 15, 3154–3171. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/s16030321
http://www.ncbi.nlm.nih.gov/pubmed/26959019
http://dx.doi.org/10.3390/s100908478
http://www.ncbi.nlm.nih.gov/pubmed/22163667
http://dx.doi.org/10.3390/s16060940
http://www.ncbi.nlm.nih.gov/pubmed/27338408
http://dx.doi.org/10.3390/s150203154
http://www.ncbi.nlm.nih.gov/pubmed/25647743
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Conventional External Horizontal Damping Network and Overshoot Error 
	Design of the Adaptive Damping Network 
	The Control Scheme of the Adaptive Damping Network 
	The Relationship between the System Velocity, External Velocity, and the Damping Coefficient 
	Adaptive Design of the Damping Network Parameters 

	Suppression Technique of the Overshoot 
	Analysis of the Overshoot 
	Overshoot Suppression of External Damping Status Switching 

	Experimental Results and Discussions 
	System Simulation Experiment 
	Vehicle Experiment 

	Conclusions 

