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Abstract
This paper proposes a heading fault tolerance scheme for operation-level underwater robots subject to external interference. The
scheme is based on a double-criterion fault detection method using a redundant structure of a dual electronic compass. First, two
subexpansion Kalman filters are set up to fuse data with an inertial attitude measurement system. Then, fault detection can effectively
identify the fault sensor and fault source. Finally, a fault-tolerant algorithm is used to isolate and alarm the faulty sensor. The program
can effectively detect the constant magnetic field interference, change the magnetic field interference and small transient magnetic field
interference, and conduct fault tolerance control in time to ensure the heading accuracy of the system. Test verification shows that the
system is practical and effective.
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1 Introduction

Remotely operated vehicles (ROVs) are among the important
equipment for deep-sea exploration and exploitation. Accurate
and reliable attitude detection systems are essential for an entire
job-level ROV system (Babcock and Zinchuk 1990).
However, as the scale of the system expands, the failure rate
also increases. The fault tolerance of the system is an im-
portant guarantee of the accuracy and reliability of the atti-
tude detection system (Cui et al. 2011). Thus, fault-tolerant
analysis of the system is necessary to determine its fault
source and reduce the impact of the fault on the attitude
detection system in a timely and accurate manner. Heading

information is an important element of the attitude detection
system; thus, studying the heading fault tolerance of the
ROVattitude detection system is important.

As a result of errors in the inertial device, errors in the inertial
navigation system accumulate over time in the calculation up-
date, and errors in the system output information continue to
increase. An electronic compass can calculate the heading, which
is typically a combination of a magnetometer and a tilt sensor.
The electronic compass is highly susceptible to magnetic field
interference (Fang et al. 2011, Ritz et al. 2009) in an underwater
unknown environment, and its working-level encounters difficul-
ty in fulfilling the navigation needs of ROVs. Therefore, the
inertial attitude detection system and electronic compass com-
bined navigation method can be used to obtain reliable heading
information. Furthermore, peripheral devices can be added to
correct the heading accuracy of the system.

In recent years, combined attitude detection systems have
used the information in the Kalman filter (KF) ( Li et al. 2011)
to detect faults directly. Some commonly used methods are the
following: state test method (Blanke et al. 2006), residual test
method (Gao et al. 2011), fault detection method based on adap-
tive KF (Hajiyev 2012), and fault detection method based on
particle filter (Caron et al. 2007, Arulampalam and Maskell
2002). Feng Sun et al. ( Sun et al. 2005) adopted the structure
of the centralized KF and state test method for system fault
tolerance of integrated navigation.
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Yueqian Liang et al. (Liang and Jia 2015) used a generalized
Kalman filter (EKF) and deformed differential KF to control
aircraft system faults and measurement faults in a fault-tolerant
manner. Bo Zhao et al. (Zhao et al. 2014) used the hidden
Markovmodel (Crisan and Rozovskii 2011) tomodel the system
and the particle filter method to detect the faults of the ROV
driver and sensor. Le et al. (Le and Matunaga 2014) identified
the fault sources in the combined attitude detection system using
different states of the fault detection quantities in the unscented
KF (Cheng et al. 2010) and quaternion estimator.

Many scholars have conducted significant work in ROV fault
detection and system fault tolerance (Norgaard et al. 2000, Bar-
Shalom et al. 2001, Mohajerin and Lygeros 2015), but most of
the research objects are long-standing faults (Esfahani and
Lygeros 2016) that are difficult to recover by themselves. This
study investigates the situation inwhich the electronic compass is
susceptible to the influence of the surroundingmagnetic field and
generates erroneous data. This approach is expected to quickly
and accurately determine whether the electronic compass is in a
normal working state or a fault state as well as perform timely
fault-tolerant control to ensure the heading accuracy of the
system.

In this paper, the fault-tolerant scheme of the ROV heading
system is designed from the aspects of sensor fault detection,
adaptive regulation, sensor redundancy configuration, and data
distributed fusion. The proposed double-criterion fault detection
method is used to detect the electronic compass fault. This meth-
od has the following advantages: (1) it pre-judges the fault before
judging the fault, thereby increasing the real-time performance of
the fault detection. (2) Compared with the residual χ2 test meth-
od, the electronic compass double-criterion fault detection meth-
od not only effectively detects the fault information of the head-
ing but also analyzes the relationship between the two fault
criteria to determine the cause of system interference. (This in-
terference is one of the following types: changing magnetic field
interference, constant magnetic field interference, or small tran-
sient magnetic interference.) (3) The dual electronic compass
redundancy structure using the federated Kalman filter (FKF)
can flexibly distribute the information of the attitude detection
system and has high fault tolerance.

2 Overall Structural Design of ROV Heading
System

2.1 Design of ROV Heading System

Heading information is critical for ROV deep-sea operations.
The electronic compass is susceptible to environmental interfer-
ence to improve the reliability of the navigation system. The
ROV system heading information is measured using a MEMS
attitudemeasurement system and dual electronic compass redun-
dancy configuration.

The system hardware configuration uses the electronic com-
pass HMR3000 and ADIS16405 three-axis magnetometer to
provide geomagnetic heading as a double compass. As system
reliability is a concern in this system, the FKF is adopted as the
data fusion scheme, and the best feedback-free mode (Gao et al.
2014) with no fault tolerance is selected. Its structure is shown in
Fig. 1.

FK filtering is a piecewise estimation, two-step cascaded in-
formation fusion technique. The system is structurally composed
of two subfilters (FF1 and FF2) and a main filter. Based on the
assumption that the strapdown inertial navigation system (SINS)
has the highest reliability and is used as a reference (Julier and
Durrant-Whyte 2002), the other subsystems form a plurality of
subfilters that are executed in parallel with the reference system
and output local measurement information optimal estimates
based on the observations provided by the subsystem. The output
information of each local filter is finally optimized in the main
filter to obtain a global estimate of the heading system.

In Fig. 1, FF1 consists of SINS and HMR3000 and FF2
consists of SINS and ADIS16405. The state quantities of FF1
and FF2 are the same, as shown in the following equation:

X yaw;k ¼ Δψ ΔεZ½ �T ð1Þ

where Δψ is the heading angle increment, and ΔεZ is the zero
offset increment of the gyro at time k and k-1. The equation of
state, observation equation, filter gain matrix, error variance ma-
trix, and one-step prediction estimation variance matrix are
shown in the following equation:

X yaw;k ¼ jyawjk;k−1X yaw;k−1 þ Gyawjk;k−1Wyawjk;k−1
Zyaw;k ¼ Hyaw;kX yaw;k þ Vyaw;k

Kyaw;k ¼ Pyawjk;k−1HT
yaw HyawPyawjk;k−1HT

yaw þ Ryaw

� �−1

Pyawjk;k−1 ¼ jyawPyawjk;k−1 jTyaw þ GyawQyawG
T
yaw

Pyaw;k ¼ I−KyawHyaw

� �
Pyawjk;k−1

ð2Þ

The state transition matrix and noise drive matrix are

φyaw ¼ 1 −Δt
0 1

� �
; Γ yaw ¼ −1 0

0 1

� �
:

The noise excitation sequence and state noise variance ma-
trix are

Wyaw ¼ nωr nωw½ �T ; Qyaw ¼ σ2
ZrΔt σ2

ZwΔt2

σ2
ZwΔt2 σ2

ZwΔt

� �
:

The observation of the transfer matrix is

Hyaw ¼ 1 0½ �:

Vk is the observation process noise, and the observation of
FF1 consists of the difference between the heading angle
ψMagof the MAG1 and the heading angle ψof the system at
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the previous moment. Therefore, the measurement noise var-
iance matrix is

Zyaw;k ¼ ψMag1−ψ
� �

; Ryaw ¼ σ2
Mag1:

The observation and measurement noise variance matrix of
subfilter FF2 is

Zyaw;k ¼ ψMag2−ψ
� �

; Ryaw ¼ σ2
Mag2:

2.2 Design of System Compensation Scheme

Owing to the complexity of the underwater environment, the
electronic compass is susceptible to interference from ferro-
magnetic materials when the ROV is operating underwater. If
the attitude and heading reference (AHR) part of the naviga-
tion system adopts the traditional observation model, errors
would occur in the roll and pitch angle outputs when the
magnetometer is disturbed. Furthermore, when the electronic
compass is subjected to strong interference, the attitude output
of the system diverges, thereby resulting in failure of the atti-
tude and heading information.

Therefore, to avoid the impact on the attitude information
of the system when the electronic compass fails, the observa-
tion model is corrected and compensated in the system. The
steps in the compensation plan are as follows:

In the conventional AHR system model, the observation
uses the difference between the measured values of the accel-
erometer and magnetometer as well as the local gravity field
and magnetic field intensity projected in the carrier coordinate
system as observations. The observation Zahrs and observation
transfer matrices Hahrs are shown in the following equation:

Zahrs ¼

ax−ax
ay−ay
az−az
mx−mx

my−my

mz−mz

2
6666666664

3
7777777775

Hahrs ¼
∂a

∂Xahrs

∂m
∂Xahrs

2
6664

3
7775 ð3Þ

where a and m are the measured values of the accelerometer

and magnetometer, respectively; and a and m are the projec-
tions of the local gravity field and local magnetic field in the
carrier coordinate system, respectively.

1a Using the original data of the three-axis magnetometer
and the three-axis accelerometer, we calculate the heading
angle in the geographic coordinate system. Then, we use this
angle as the observation information of the navigation system
heading.

Tilt compensation for the three-axis raw data of the elec-
tronic compass is presented in the following equation:

hx
hy
hz

2
4

3
5 ¼ Rpitch

� 	T Rroll½ �T
mx

my

mz

2
4

3
5

¼
1 0 0
0 cos q sin q
0 −sin q cos q

2
4

3
5
T

cos g 0 −sin g
0 1 0

sin g 0 cos g

2
4

3
5
T mx

my

mz

2
4

3
5

ð4Þ

where hx hy hz�T
�

is the magnetic field information of the

horizontal plane, and mx my mz½ �T is the magnetic field
strength measured in the geographic coordinate system.

The heading angle is calculated as follows:

yMag ¼ arctan
hy
hx

ð5Þ

2a The observationmodel of the attitude heading part of the
integrated navigation system is corrected.

For the system attitude measurement, the difference be-
tween the measured value of the accelerometer and the pro-
jection of the local gravity field in the carrier coordinate sys-
tem is determined. Then, the heading observation uses the
difference between the heading angle ψMag calculated by the
system based on the observation information and heading an-
gle ψ obtained by the state update.

According to the preceding steps, including a 4D observa-
tion measurement, the observation equation can be expressed
as

Zk ¼ HkX k ð6Þ
where

Fig. 1 Structure of ROV heading
system
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Zahrs ¼
ax−ax
ay−ay
az−az
yMag−y

2
6664

3
7775; Hahrs ¼

∂a
∂X ahrs

0

0 1

2
4

3
5:

3a According to the preceding filtering result, the roll amp;
pitch angles are obtained by the quaternion. The quaternion,
which is obtained through filtering with the corrected heading
angle, completes the filter observation update.

To verify the feasibility of the compensation scheme,
the navigation system was placed at rest, and the elec-
tronic compass was subjected to ferromagnetic interfer-
ence from 1.1 to 4.6 s. The attitude and heading infor-
mation of the navigation system before and after com-
pensation was recorded to verify the effectiveness of the
scheme. The Euler angle waveform before and after
system compensation is shown in Fig. 2.

As shown in Fig. 2, when the electronic compass is
subjected to ferromagnetic interference, the roll and
pitch angles of the system before the model is uncom-
pensated producing a steady-state error of − 13° and
28°, respectively. The roll and pitch angles of the sys-
tem after the compensation measures are still maintained
at the initial angle. This experiment verified not only
the problems in the original scheme but also the feasi-
bility of the compensation scheme.

3 Fault-Tolerant Design of ROV Heading
System

The fault-tolerant system can detect real-time information of
the filters in the heading system and determine if the system is
operating properly. It is also the premise of fault diagnosis and
isolation and system reconstruction, which directly affects the
accuracy of the entire attitude detection system (Poulsen and
Ravn 2000).

The ROV heading fault-tolerant system scheme de-
signed in this paper is shown in Fig. 3. As the figure
shows, the fault-tolerant system includes redundant sensor
structure fault tolerance, subsystem fault detection and
isolation, and fault-tolerant synthesis algorithm.

The fault detection algorithm in the local filter first
confirms the fault of the subsystem, and then determines
the faulty position and attitude detection system. Once the
failure of a subsystem has been determined, the state es-
timate obtained by the corresponding local filter is incor-
rect and cannot be input to the main filter. In this case, the
main filter calculates the estimated value of the system
error state using the state estimate of the other local filter,
and simultaneously takes measures such as fault repair or
switching channels to repair the failed attitude detection
system. Until the failed attitude detection system is
repaired, the local filter can obtain the correct local state
estimate and input it to the main filter. The combined

(a) Pitch angle information output

(b) Roll angle information output

(c) Heading angle information output

Fig. 2 Attitudewaveform diagram of integrated navigation system before
and after compensation. a Pitch angle information output; b roll angle
information output; c heading angle information output Fig. 3 Schematic of ROV heading fault-tolerant system
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attitude detection system at this time re-provides the user
with reliable and accurate heading information.

3.1 Double Fault Detection Method

To effectively detect the fault information of the heading, the
heading angle variation model of the electronic compass mea-
surement and heading angle change measured by the inertial
device are established. The heading fault detection system in
the ROV attitude detection system judges the fault condition
of the system based on the difference between the two.

The heading angle change of the electronic compass that is
working without failure is modeled in the following equation:

Δθm tð Þ ¼ θm tð Þ−θm t−1ð Þ þ μm tð Þ−μm t−1ð Þ ð7Þ
whereΔθm(t) is the change of the heading angle from t-1 to t,
θm(t) is the heading angle of the electronic compass at time t,
and μm(t) is the noise in the heading angle of the system at
time t.

The heading angle increment is obtained by integrating the
angular velocity of the Z-axis MEMS gyro at time t, which is
modeled in the following equation:

Δθg tð Þ ¼ ωU tð Þ þ μU tð Þð Þ⋅Δt ð8Þ

where ωU(t) is the angular velocity of the Z-axis of the system
at time t, μU(t) is the noise in the Z-axis angular velocity
information of the MEMS gyro, andΔt is the sampling period
of the system.

e(t) indicates the error between the two, and the following
equation shows the relationship between the two:

e tð Þ ¼ Δθm tð Þ−Δθg tð Þ ð9Þ

Equation (5) is averaged to reduce the effects of white noise
(Zheng et al. 2006), as shown in the following equation:

e tð Þ ¼ 1

n
∑
0

m¼−nþ1
e tn þ m⋅Δtð Þ ð10Þ

When the electronic compass in the system is free from
external interference, the value e tð Þ of Eq. (6) obeys a normal
distribution with a mean of 0. When the electronic compass is
disturbed by external factors,Δθm(t) changes rapidly, and e tð Þ
no longer obeys the normal distribution; thus, the fault infor-
mation of the heading angle can be obtained. The fault detec-
tion of the electronic compass can be achieved by setting a
reasonable threshold for e tð Þ.

When the fault detection parameter is calculated, because it
is the average of the difference between the angular increment
of the electronic compass and the angular increment obtained
by integrating the MEMS Strapdown Inertial Navigation
System over a period of time, the system encounters a certain
delay in fault identification. Adding the fault pre-judgment

link in the fault detection scheme can ensure the real-time
performance of the heading angle fault detection scheme.

When the external magnetic field interferes with the sys-
tem, the heading angle of the electronic compass changes
rapidly, but it does not affect the heading angle obtained by
integrating the MEMS inertial device. Using the difference
between the two can achieve fault prediction as shown in the
following equation:

Δφs tð Þ ¼ φm tð Þ−φg tð Þ ð11Þ

When the system is operating normally, the random noise
of the MEMS gyro causes accumulation errors. However, the
error accumulation of the heading angle obtained by integrat-
ing the gyro in a short time is small and negligible compared
with the heading sudden change generated when the electronic
compass is disturbed by external factors. Therefore, the fault
pre-judgment (Zhen and Feng 2005) can be performed by
detecting Δφs(t).

When the fault pre-judgment is conducted, the fault pre-
judgment time is set to terror = a ⋅Δt. OnceΔφs(t) exceeds the
threshold, the heading filter immediately stops the observation
update process. At this time, to prevent the fault information
of the heading angle from affecting the attitude detection sys-
tem, the system only obtains the heading angle information
through the state update. After the fault pre-judgment time
terror, if the system detects a fault in the electronic compass,
the fault processing is performed. If the electronic compass
fault is not detected, it switches to the normal mode.

As e tð Þ and Δφs(t) obey the normal distribution with a
mean of 0 when no fault exists, they can be normalized first,
and then the corresponding threshold is calculated by the set
false alarm probability to identify the fault. For details, refer to
“Research on Threshold Selection Principle Based on Sensor
Fault Detection” (Wang 2009). When a fault has been identi-
fied, we can analyze the relationship between the two fault
criteria to obtain the cause of the fault, and take corresponding
measures to reduce the impact of the fault.

After fault prediction or detection, if a steady-state error
exists between the heading angle output by the attitude detec-
tion system and the heading angle of the electronic compass,

Table 1 Electronic compass double-criterion fault detection judgment
logic

Electronic compass failure Fault pre-
judgment

Fault
judgment

No failure No No

No failure Yes → No No

Varying magnetic field interference Yes Yes

Constant magnetic field
interference

Yes Yes → No
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the information of the heading attitude detection system
should be re-initialized to eliminate the heading angle
steady-state error caused by the fault phase.

According to the two failure criteria, the judgment logic of
the double-criterion failure detection is shown in Table 1.

Table 1 shows that the electronic compass double-criterion
fault detection method has two functions: (1) effectively de-
tecting the fault information of the heading and (2) analyzing
the cause of the system interference by examining the rela-
tionship between the two failure criteria.

3.2 Fault-Tolerant Synthesis Algorithm

In the fault-tolerant scheme of the system, the residual sensor
structure is used to improve the reliability of the SINS, and the
double-criteria fault detection method is adopted, the purpose
of which is to ensure the reliability of the heading information
in the combined attitude detection system. Therefore, by de-
tecting the fault of the subsystem, we can determine which
type of attitude detection system has failed.

The fault judgment criteria are shown in Table 2.
When one of the electronic compasses fails, the double-

criteria fault detection method can detect the fault and alarm
in time. At this time, the heading information output from the
subfilter that detected the fault is not input to the main filter.
Themain filter uses the heading information output by another
subsystem filter for reliable heading state estimation. After the
fault is removed, the heading information output by the faulty
subsystem is restored to normal. The information is re-entered
into the main filter, which then returns to its previous normal
operating state.

If the two electronic compasses fail at the same time, then
the system only calculates the heading according to the SINS
system. When the failure of the subsystem is repaired, the
output data of the normally operating subsystem is input to
the main filter, and the entire system resumes normal
operation.

The error state estimates and variances obtained by the two
subfilters are X 1, P1 and X 2, P2, respectively. When the sys-
tem is running normally, the global state estimation and vari-
ance are as shown in the following equations:

X g ¼ Pg P−1
1 X 1 þ P−1

2 X 2

� �
ð12Þ

Pg ¼ P−1
1 þ P−1

2

� �−1 ð13Þ

If the subsystem SINS/MAG1 (filter FF1) fails, then a fault
message appears inX 1. The fault subsystem is isolated and the
state of the primary system is estimated as follows:

X g ¼ X 2 ð14Þ

The output of the failed subsystem is shown in the follow-
ing equation:

Z1 ¼ H1X g ð15Þ

If the subsystem SINS/MAG2 (filter FF2) fails, then the
state of the system is estimated as

X g ¼ X 1 ð16Þ

The failure subsystem output is estimated to be

Z2 ¼ H2X g ð17Þ

If both SINS/MAG1 and SINS/MAG2 fail, then the state
estimation of the system can only use the heading information
obtained through the gyro integration. At this time, the state of
the system is estimated as follows:

X g;t ¼ Xg;t−1 þ ωD•Δt ð18Þ

Where X g;t is the heading information of the current time,
X g;t−1 is the heading information of the previous moment, ωD

is the angular rate of the grounding to the gyro in the NED
coordinate system, and Δt is the updating period of the atti-
tude detecting system.

4 Simulation

First, the double-criteria fault detection method used in the
case of electronic compass failure is simulated in various sit-
uations. Then, the residual χ2 test method and double-
criterion fault detection method are compared to illustrate
the feasibility and effectiveness of the electronic compass
double-criterion fault detection scheme. Finally, the entire
ROV heading fault-tolerant system is simulated to verify the

Table 2 Criteria for system
failure judgment Fault status Judgment of failure Update output

The system is trouble free MAG1 and MAG1 have not failed FF1 and FF2

SINS/MAG1 has failed MAG1 fails but MAG2 is faultless FF2

SINS/MAG2 has failed MAG1 is faultless but MAG2 is faulty FF1

SINS/MAG1 and SINS/MAG2 have failed MAG1 fails and MAG2 fails SINS
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effectiveness of the heading fault-tolerant system designed in
this study.

4.1 Simulation of Electronic Compass
Double-Criterion Fault Detection Method

The failure of the electronic compass includes the following:
changing magnetic field interference, constant magnetic field
interference, and small transient magnetic interference. The
following is a simulation of the three cases using the electronic
compass double-criterion fault detection method (see Fig. 4):

1a The heading angle error of the working-level ROV elec-
tronic compass constantly changes due to the interference of
the changing magnetic field. The fault status of the system can
be detected by fault pre-judgment and fault judgment. When a
fault is detected, the heading information of the electronic
compass is invalid. In this case, on the one hand, the system
reports the fault condition to the host and warns the ROV to
leave the magnetic field interference area as soon as possible;
on the other hand, the observation update processing of the
heading KF is no longer performed, and the heading angle is
updated using only the method of Z-axis gyroscope
integration.

To verify the effectiveness of the scheme, the ROVattitude
detection system is placed at rest. In simulating the changing
magnetic field interference by constantly moving a ferromag-
netic substance near an electronic compass, the simulation
data waveforms of the electronic compass heading angle and
fault detection state in the experiment are shown in Figs. 5 and
6.

Figures 5 and 6 present experimental images of electronic
compass failure detection under ferromagnetic interference
conditions. Numerous experiments show that when the elec-
tronic compass is interfered by the ferromagnetic material, an
angular error of more than 5° occurs. When the ferromagnetic
material continues to interfere, the electronic compass has an
angular increment error greater than 60°/s.

Therefore, the threshold of the electronic compass failure
prediction is set to 5°, the threshold of the failure judgment is
set to 60°/s, and the prediction duration terror is set to 0.1 s in
the experiment. The ferromagnetic substance was used to in-
terfere with the electronic compass at 0.7–0.9 s and 2.09–
2.3 s. After the disturbance occurs, the heading angle error
and angular increment error increase rapidly. Once the thresh-
old is exceeded, the fault pre-judgment and fault judgment
respond quickly. The system can quickly isolate the electronic
compass information containing the fault information and up-
date the heading information only through the gyro integral.
After troubleshooting, the heading angle of the electronic
compass can be repeatedly used to observe and update the
system, and the attitude detection system resumes normal

operation.

2a The electronic compass heading angle error of the working
compass ROV is constant when subjected to constant magnet-
ic field interference. Therefore, the fault prediction of the sys-
tem is always in a fault state. When a fault is detected, the
system enters a fault state and returns to normal after a certain
period. In this case, on the one hand, the fault is reported to the
host and the ROV is prompted to leave the magnetic interfer-
ence zone as soon as possible; on the other hand, in the attitude
detection system, the observation update processing of the
heading KF is stopped and only the Z-axis gyroscope integra-
tion is used. Thereafter, the heading angle is updated.

To verify the effectiveness of the program, the ROV com-
bined attitude detection system is placed at rest, and the con-
stant magnetic field interference is simulated by placing a
ferromagnetic substance near the electronic compass. The in-
terference source is removed after a certain period. The data
waveforms of the electronic compass heading angle and fault
detection state in the experiment are shown in Figs. 7 and 8.

Figures 7 and 8 present images of the failure detection test
of the electronic compass in the case of ferromagnetic inter-
ference. In the experiment, the threshold of the electronic
compass failure pre-judgment was set to 5°, the threshold of
the failure judgment was set to 60°/s, and the failure pre-
judgment duration terror was set to 0.1 s. The magnetic sub-
stance interferes with the electronic compass in 2–7.2 s.

As shown in Fig. 7, the heading angle error and angle
increment error increase rapidly after the occurrence of inter-
ference. Once the threshold is exceeded, the fault pre-
judgment and fault judgment respond immediately. The atti-
tude detection system quickly isolates the electronic compass
information containing the fault information and uses the gyro
integral to update the heading information.

As shown in Fig. 8, at 2.38 s, the heading angle error tends
to be stable, the fault pre-judgment flag is maintained in the
fault state, the angular increment error is rapidly reduced be-
low the threshold value, the fault judgment flag is set to 0, and
the system enters the constant magnetic field interference
state. When the ferromagnetic material is removed in 7.2 s,
the heading angle quickly returns to normal, the angular in-
crement changes sharply, the fault pre-judgment flag and fault
judgment flag position is 0, and the system releases the fault
state. The attitude detection system re-observes the heading
angle of the electronic compass and the system returns to the
normal state.

3aWhen the electronic compass is subjected to small transient
magnetic interference, the electronic compass is subjected to
short interference time, the influence of the system magnetic
field is small, and the fault pre-judgment and fault judgment
threshold of the electronic compass are not exceeded. To reli-
ably utilize the heading reference information provided by the
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electronic compass in this state, with reference to the acceler-
ometer adaptive scheme processing method, we can construct
the reliability parameter σm by the residual of the heading
angle.

The residual value of the heading angle is λm, and the
adaptive equation is constructed as

σm ¼ kmλm ð19Þ
where km is the set weighting factor and constructs the covari-
ance σ2

m. The larger the value of covariance σ
2
m, the stronger

the influence of the external magnetic field on the carrier and
the lower the credibility of the system to the electronic com-
pass. Otherwise, the trust level is higher. By changing the
covariance matrix R in this manner, the system can achieve
a relatively stable heading output when transient magnetic
interference occurs outside the system.

To ensure that the EKF filter does not cause the system
output to diverge due to σ2

m in the adaptive adjustment, σ2
m

should be limited, and the simulation verification is limited to
0:15≤σ2

m≤1.
The attitude detection system is installed on the carrier, and

the adaptive scheme effect of the heading portion of the atti-
tude detection system is verified. The comparison of the ef-
fects before and after adopting this scheme is shown in Fig. 9.

As shown in Fig. 9, when the electronic compass adaptive
parameter is within the set range, the system performs adap-
tive adjustment. Before and after the adaptive scheme, the
heading angle error is significantly reduced compared with
the condition before the adaptive scheme is implemented.
The heading angle waveform is smoother and the noise is
reduced compared with the condition before the adaptive
scheme is performed. Thus, the adaptive adjustment scheme
achieves an improved filtering effect.

(a) Pre-judgment based on heading angle error

(b) Pre-judgment based on angular increment error

Fig. 6 Double-criteria fault detection. a Pre-judgment based on heading
angle error; b pre-judgment based on angular increment error

(a) Heading angle information output

(b) Fault judgment

Fig. 5 Heading angle information output and fault judgment. a Heading
angle information output; b fault judgment

Fig. 4 HMR3000 electronic compass
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4.2 Comparison of Results of Electronic Compass
Double-Criterion Fault Detection Method
and Residual χ2 Test Method

In this experiment, the residual χ2 test method and the pro-
posed double-criteria fault detection method are compared to
verify the feasibility and effectiveness of the electronic com-
pass double-criterion fault detection scheme.

In the parameter setting, the failure threshold in the residual
χ2 test is set to TD = 1, and the threshold of the electronic
compass failure prediction in the double-criterion detection
method is 5°. The fault judgment threshold is 60°/s, and the
fault pre-judgment duration terror is 0.1 s. The attitude

(a) Heading angle information output 

(b) Fault judgment

Fig. 7 Heading angle information output and fault judgment. a Heading
angle information output; b fault judgment

(a) Pre-judgment based on heading angle error

(b) Pre-judgment based on angular increment error

Fig. 8 Double-criteria fault detection. a Pre-judgment based on heading
angle error; b pre-judgment based on angular increment error

(a) Comparison of heading angle adaptive effects

(b) Comparison of heading angle error adaptive effects

(c) Adaptive parameter

Fig. 9 Comparison of electronic compass covariance adaptive effect. a
Comparison of heading angle adaptive effects; b comparison of heading
angle error adaptive effects; c adaptive parameter

(a) Comparison of heading angle output

(b) Comparison of fault detection flags

Fig. 10 Comparison of residual test method and electronic compass
double-criterion fault detection method. a Comparison of heading angle
output; b comparison of fault detection flags
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detection system is placed at rest, and the HMR3000 electron-
ic compass is continuously disturbed by ferromagnetic mate-
rials in 0.64 to 1.83 s. At the same time, the original heading
information of the ROV attitude detection system, output
heading information of the system, output data of the residual
χ2 detection method, and fault flag of the electronic compass
are recorded. The waveforms drawn by the experimental data
are presented in Figs. 10 and 11.

As shown in Fig. 10, at 0.64 s and 1.79 s, the HMR3000
electronic compass is disturbed by magnetic substances.
When the interference source leaves the electronic compass,
the heading information of the attitude detection system
returns to normal. Starting from 0.68 s and continuing until
1.71 s, the residual detection method detects the fault infor-
mation of the HMR3000 electronic compass. However, failure
information at 0.64–0.68 s and 1.72–1.76 s was not detected
using this method; the angular error of the electronic compass
was 5° or more. The double-criteria fault detection method
detects not only the fault information of the HMR3000 elec-
tronic compass in 0.65–1.75 s but also that in 0.64–0.68 s and
1.72–1.76 s.

As shown in Fig. 11, the fault pre-judgment flag of the
system continues for a long time, and the fault flag of the
system changes rapidly after the system is disturbed, and then
gradually decreases to normal after the interference received
by the electronic compass becomes constant. Table 1 shows
that the HMR3000 is subject to constant magnetic field
interference.

Compared with the residual test method, the electronic
compass double-criterion fault detection method not only ef-
fectively detects the fault information of the heading but also

finds the cause of system interference by analyzing the rela-
tionship between the two fault criteria. Therefore, the electron-
ic compass double-criterion fault detection method is adopted
as the fault detection scheme for the heading angle of the ROV
attitude detection system.

4.3 Simulation of ROV Heading Fault-Tolerant System

The dual-compass redundant ROV combined attitude detec-
tion system is placed at rest and the ferromagnetic material is
placed nearby to simulate magnetic field interference. The
source of interference is removed after a short period.
MAG1 is the heading information output by the three-axis
magnetometer ADIS16405, and MAG2 is the heading infor-
mation output by the electronic compass HMR3000. The
threshold for predicting the electronic compass failure is set
to 5°, the threshold for fault determination is set to 60°/s, and
the judgment delay is 0.1 s. In the experiment, the electronic
compass heading angle, fault detection state, and heading data
waveform output by the FKF are shown in Fig. 11.

As shown in Fig. 12, when no fault occurs in the attitude
detection system, the state estimation of the FKF

(a) Fault pre-judgment

(b) Fault judgment 

Fig. 11 Electronic compass double-criterion fault detection fault pre-
judgment and fault judgment. a Fault pre-judgment; b fault judgment

(a) ADIS16405 output heading information

(b) HMR3000 output heading information

(c) Heading information output by federated Kalman filter

Fig. 12 Heading angle of FKF. a ADIS16405 output heading
information; b HMR3000 output heading information; c heading
information output by federated Kalman filter
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simultaneously uses the outputs of the two subfilters to calcu-
late the heading information. At 1.46 s, the heading angle of
the three-axis magnetometer ADIS16405 begins to produce
errors due to interference. The local filter FF1 detects a fault in
the ADIS16405 at 1.53 s, and the fault flag acts. At this time,
the heading information output by the local filter FF2 is used
as a state estimation of the FKF. At 1.65 s, the local filter FF2
detects the failure of the HMR3000 electronic compass, and
the fault flag acts. At this time, both compasses have faults,
and the heading information of the FKF of the pose detection
system is obtained by gyro integration. At 2.75 s, the fault of
the HMR3000 electronic compass is released, and the state of
the FKF is estimated as the heading information output by the
local filter FF2. At 2.76 s, the fault of the ADIS16405 is

released, the heading information of the ROV attitude detec-
tion system returns to normal, and the state estimation of the
FKF uses the output of the two subfilters to calculate the
heading information. This simulation verifies the effective-
ness of the FKF and bistable fault detection method in the
design of the heading redundancy system of the ROVattitude
detection system.

5 Verification Experiment on Integrated
Navigation System

The ROV for underwater operation mainly includes modes
such as fixed height, depth, direction, and uniform inspection.
The ROV navigation system is required to provide attitude,
heading, and speed information that meets the ROV control
accuracy requirements. In this experiment, the integrated nav-
igation system was installed on the motion carrier, and the
navigation system was tested around the #61 teaching build-
ing (see Fig. 13). Considering the limitations of the test envi-
ronment, this experiment uses a GPS navigation system as a
reference for the speed and horizontal position of the integrat-
ed navigation system. A barometer sensor is used to provide a
high reference as shown in Figs. 14 and 15.

As shown in Fig. 14, the attitude of the system remains
convergent, which indicates that the system effectively filters
out the data fluctuation of the accelerometer caused by the
carrier vibration and obtains a highly accurate estimation of
the attitude and heading. The experimental results show that
the heading accuracy of the system can fulfill the information
needs of underwater robots during deep-sea operations.

6 Conclusions

In this study, a dual electronic compass redundancy fault de-
tection scheme based on double-criteria fault detection meth-
od is designed based on the FKF for the heading system of the

Fig. 13 Experiment on integrated navigation system

(a) Pitch angle curve

(b) Roll angle curve

(c) Height angle curve

Fig. 14 Experiment on attitude waveform of navigation system. a Pitch
angle curve; b roll angle curve; c height angle curve

Fig. 15 Longitude and latitude curve of navigation system experiment
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job-level ROV. This solution not only effectively detects and
isolates faults but also accurately identifies the source of the
fault. According to the detected fault information, the system
can quickly make judgments, isolate the fault compass, pre-
vent pollution of other sensors, effectively improve the reli-
ability of the heading information, meet the needs, and guar-
antee the safety of deep-sea ROVoperations. The simulation
results show that the system verifies and isolates various types
of faults and verifies the effectiveness of the designed fault-
tolerant scheme. Finally, experiments validate that the system
can meet the demands of navigation information for the
working-level ROV in the underwater working environment.
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