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Abstract

A SINS/GNSS location method based on factor diagram is proposed to meet
the requirement of accurate location of substation construction personnel. In
this paper, the inertial autonomous positioning, carrier motion information
acquisition and satellite positioning technologies are integrated. The factor
graph method is adopted to abstract the measurement information received
by inertial navigation and satellite into factor nodes, and the state informa-
tion into variable nodes, so as to construct the SINS/GNSS construction per-
sonnel positioning fusion factor graph model. The Gauss-Newton iterative
method is used to implement the recursive updating of variable nodes, and
the optimal estimate of the location information of the construction person-
nel is calculated, which realized the high precision location of the construc-
tion personnel. The factor graph method is verified by pedestrian navigation
data. The results show that the factor graph method can continuously and
stably output high-precision positioning results, and realize non-equidistant
fusion of SINS and GNSS. The positioning accuracy is better than Kalman
filter algorithm, and the horizontal positioning accuracy is less than 1 m.
Therefore, the factor graph method proposed can provide accurate location
information for substation construction personnel.

Keywords

Personnel Positioning, Factor Graph, SINS/GNSS, Gauss-Newton Iteration,
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1. Introduction

With the development of electric power technology and the improvement of
electricity quality requirements of power consumption units, the automation,

safety and intelligent construction of substation needs urgent. Near power oper-
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ation is an important means to ensure stable and sustainable power supply.
Maintenance personnel and large engineering vehicles need to work near live
high-voltage equipment. However, the complex electromagnetic environment in
the substation is a typical high-risk work area. Once the site maintenance per-
sonnel and the operator of the engineering vehicle cross the safety distance in
the case of negligence or misoperation, or even the engineering vehicle directly
into contact with the live high-voltage equipment, it will lead to casualties and
seriously affect the safe production of electricity.

In order to ensure the operation safety of substation construction personnel, it
is very necessary to equip high-precision positioning devices and realize danger
warning in the construction process. Multi-source information fusion based on
SINS/GNSS combination is an important means to replace a single positioning
method and improve the positioning accuracy of personnel. The current fusion
methods include Kalman estimation method and improved Kalman method,
which are not effective in the process of nonlinear combination positioning in-
formation. Factor graph, as an undirected probability graph model, has a re-
markable effect in solving the edge distribution and has been widely used [1].

Wen [2] [3] [4] proposed the GNSS/INS combination positioning method
based on factor graph and realized the precise positioning of vehicle with the as-
sistance of camera. Yang [5] and Zhang [6] used factor graph method to verify
and test the algorithm of indoor unmanned vehicle positioning. Xu [7] proposed
a multi-source integrated navigation factor graph fusion algorithm based on
sliding window iterative maximum posterior estimation. Gao [8] used factor
graph to build the vehicle INS/GNSS/OD positioning system model, analyzed
the asynchronous and delay problems of multiple sensors, and verified the ro-
bustness of factor graph model. Dai [9] proposed a robust incremental smooth-
ing algorithm based on factor graphs, which improves the filtering estimation
accuracy and convergence speed of the combined positioning system. Ma [10]
proposed SINS/DVL/TAN/MCP combination localization method based on
factor graph, which verified the flexibility and expansibility of the algorithm.
Marco Cox [11] approached Bayesian inference from a message-passing pers-
pective, based on a Forney-style factor graph (FFG) description of probabilistic
generative models. Chiu [12] described a framework that expands factor graph
formulation to encode sensor measurements with different rates, latencies, and
noise distributions. Lin [13] proposed a single satellite positioning method based
on factor co-location assistance. The method can complete location calculation
by using the high-precision ranging information between the positioning targets
and the positioning hyperbola which is constructed with the pseudo-range dif-
ference of the satellites. Han [14] proposed a sensor selection and optimization
approach based on factor graph that meets the demand of environment adapting
in multi-sensor fusion. To improve the navigation performance and robustness
of integrated navigation algorithm based on factor graph under the condition

that the performance of each sensor changes and the output is abnormal in the
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actual complex navigation environment, an improved factor graph method
based on enhanced robustness is proposed [15]. The navigation and positioning
methods via factor graph are considered and classified. Focuses in the current
research on factor graph-based navigation and positioning is also discussed with
emphasis on its practical application [16].

Aiming at the problems of satellite navigation in pedestrian integrated naviga-
tion systems, such as easy interference, long hours of inertial navigation system
and accumulated errors caused by navigation position calculation, this paper
adopted the theory of factor graph, abstracted measurement information re-
ceived by inertial navigation system and satellite into factor nodes and status in-
formation into variable nodes, and constructed the SINS/GNSS construction
personnel positioning fusion factor graph model. The Gauss-Newton iterative
method was used to implement the recursive and updating of variable nodes,
and the optimal estimated value of the positioning information of the construc-
tion personnel was calculated, thus realizing the high-precision positioning of

SINS/GNSS integrated navigation system.

2. Factor Graph Model of Combined Positioning System

The combined positioning System of substation construction personnel is pro-
vided by the Global Navigation Satellite System (GNSS) with personnel location
and speed information. Strapdown Inertial Navigation System (SINS) provides
information about human acceleration and angular velocity. It mainly uses the
SINS factor model during its work. When the GNSS measurement information
is valid, it connects the corresponding factor nodes to the SINS factor model.
Then the factor graph model of the combined positioning system is constructed.

Due to the different sampling frequencies of different sensors in the process of
multi-source information fusion, sensor data is not synchronized. The factor
graph model technology is used to solve the problem of multi-sensor informa-
tion fusion is not synchronized, overcome the shortcomings of existing algo-
rithms, and meet the plug-and-play characteristics of positioning system. Obtain
relevant positioning information according to the positioning target, set the sys-
tem noise and various initial information, and select the positioning state quan-
tity. Because the parameters of each sensor will change with time and environ-
ment, resulting in poor positioning accuracy. Therefore, the positioning accura-
cy of the combined system can be effectively improved by expanding the key pa-
rameter model of the sensor and making estimation and feedback correction of
the key parameters.

2.1. Factor Graph Model of SINS
Considering the error characteristics among gyroscope, accelerometer and satel-
lite, the state quantity of the fusion system is established as follows [17]:
X(t)=[de o d Ve Sy OV SL 04 Sh g, gy £, Vo Vo V]
0
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where ¢ represents the angular rate component of misalignment in the east
direction, ¢, represents the northward misalignment angular rate component,
@, represents the angular rate component of celestial misalignment, OV
represents the angular rate component of celestial misalignment, 6V, Represents
the northbound velocity error component, v, represents the component of
celestial velocity error, oL represents the latitude error component, o1 re-
presents the longitude error component, Sh represents the height error com-
ponent, &, and &, and &, represents the triaxial constant drift error of

gyroscope respectively, V, and V, and V, represent the zero deviation

ax
error of the accelerometer in three axial directions respectively.

The function factors are initialized, and the corresponding cost functions are
established according to each sensor factor model. First, the time update equa-

tion of the inertial positioning system state is established as follows [17]:

K=h(xa,f 0) (2)

where x is the positioning state quantity, including speed information, position
information and attitude information, ¢ is the amount of error generated by
the inertial device, fis the specific force, @ is the angular rate.

The measurement equation of inertial positioning system can be expressed as:
3 =11 o} (3)

Associated with adjacent positioning states X,,, and X,, the time update

equation is discretized to obtain:
X1 =h(%o @ Zy) (4)

According to the time update equation after discretization, the nodes of the

inertia factor graph can be defined as:
fSINS(Xk+l'xk'ak)éd(xk+1_h(xk'aklzk)) ©)

The two positioning state quantities X,,, and X, and the error ¢, gener-
ated by the inertial device are connected through this factor diagram node
5™ (X1, X, @ )» the current positioning state X, predicts the positioning
state X,,, atthe next moment through measurement information z, , the error
function between the prediction quantity and the positioning state at the next
moment is obtained. With the update of time, the error of the inertial device also

changes. The error function is defined as:
=9 (ak ) (6)

Similarly, the graph node of deviation factor related to error variables gener-

ated by inertial devices can be written as:
fb(akﬂ’ak)éd(ak—l_g(ak)) 7)

In the above equation, an inertial positioning system deviation factor graph
node is defined, and the two error variables ¢, and ¢,,, are connected

through the factor graph node f° (., ).
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2.2. Factor Graph Model of GNSS

The satellite factor graph node is constructed according to the satellite mea-

surement equation, which is as follows [16]:

ZENSS — hGNSS (Xk ) + nGNSS (8)

where h®NS (Xk) represents the measurement function of satellite information,
n®™ represents the measurement noise of satellite information. According to

the measurement equation, the node of the satellite factor graph is defined as:

f GNSs (Xk ) 24 (ZENSS _ pGNss (Xk )) (9)

According to the cost function d (ZkGNSS —heNS (x, )) , node %" (x.) of
the satellite factor graph is only related to the positioning state variable at the
current moment, and has nothing to do with the state variable before and after
the moment.

Input measurement information, determine the input factor according to the
sensor of measurement information for processing, according to the above
measurement equation and cost function of the relevant variable node selection,
determine the inertia factor and satellite factor. The SINS/GNSS factor diagram
model is shown in Figure 1.

3. Information Fusion Algorithm Based on Factor Graph

According to the inertia factor and satellite factor determined in the steps of Sec-
tion 2, the SINS/GNSS combination factor graph was constructed to process the
incremental information update, including the speed increment of the inertial
positioning system, the position increment information and the position incre-
ment information of the satellite positioning system. The above positioning in-
formation is further updated and fused to obtain the optimal positioning esti-
mate. The optimal estimate value X, can be determined by Gauss-Newton
iterative calculation, and the estimated correction value AX meets the follow-

ing requirements [15]:

AX'=argrrA1>i<nHJ(>2k)AX —b( Ak)“z (10)

Figure 1. Factor graph model of SINS/GNSS.
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where J (>2k ) is the sparse Jacoby matrix of the current position estimate )Zk ,
b()zk) is the measured residual of the current position estimate X, , in order
to solve and update AX , we need to decompose the Jacoby matrix into the up-
per triangular matrix form using QR decomposition. In order to obtain the ex-
treme value of AX , partial differentiation of the formula

~ ~ 2
arg ng)i(n “J (Xk )AX - b( Xy )H and make it equal to zero can be obtained:
JAX =b (11)

After calculating AX , a new position estimate >Zk + AX is obtained, which

is iteratively calculated until the optimal position estimate is obtained.

4. Experiment and Result Analysis
4.1. Experimental Equipment and Conditions

In order to verify the GNSS/SINS information fusion algorithm proposed in
this paper based on factor graph and collect personnel positioning data, a
self-developed GNSS/SINS integrated navigation device was adopted in the ex-
periment, and the test device was installed at the waist through the belt. The po-
sitioning test device mainly includes positioning reference station and position-
ing mobile station, including positioning GNSS RTK, inertial measurement
module, GNSS antenna, digital communication module and mobile power mod-
ule, etc. The experimental prototype is shown in Figure 2, and the installation

diagram of the testing device is shown in Figure 3.

Positioning reference station
Communication module

4

la GNSS antenna
Power module
GNSS/SINS module
o 1 \ /

———
— ———

positioning mobile station
GNSS antenna

o

5 e - Power module
| Communication module |

&

GNSS/SINS module /

x

Figure 2. Experimental prototype. (a) Positioning reference station; (b) Positioning mo-
bile station.
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Figure 3. Installation diagram.

The positioning reference station is placed in a fixed position outdoors to en-
sure that the GNSS of the reference station can work stably. The GNSS RTK and
inertial measurement module of the mobile station are fixed on the waist of the
human body through the belt, and the data of the position reference station,
human movement information and positioning information are transmitted to
the upper computer software through the wireless data transmission module.
Real-time observation and storage of human movement trajectory and move-

ment data, and later analysis and processing of experimental data.

4.2. Experimental Analysis

In order to verify the outdoor positioning accuracy of the construction per-
sonnel, the experiment scene was selected around the office building, and the
personnel positioning experiment was conducted around the office building.
The strap-down inertial navigation system (SINS) composed of gyroscope
and accelerometer developed by Core Motion Union and GNSS positioning
module developed by Big Dipper Star Com was used for multi-source infor-
mation fusion, so as to obtain the pedestrian movement attitude, speed and
position information. The data output frequency was 200 Hz, and the sam-
pling interval was 0.1 s. The speed and position in the carrier coordinate
system were obtained by using the positioning device, and then converted to
the navigation system through the coordinate system to obtain the real posi-
tioning information of personnel. The personnel positioning trajectory is
shown in Figure 4, the northbound position error is shown in Figure 5, and
the eastbound position error is shown in Figure 6.

It can be seen from Figure 4 that the factor graph method and the traditional
Kalman filter method can always maintain relatively stable navigation results dur-
ing the whole moving period, but the traditional Kalman filter method has a large
deviation from the reference positioning trajectory, indicating that the factor graph
algorithm proposed in this paper has higher positioning accuracy. Figure 5 and
Figure 6 show the northbound position error and eastbound position error respec-

tively. The maximum northbound and eastbound errors calculated
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Figure 4. Personnel location track.
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Figure 5. North position error.

by the traditional Kalman filtering method is 0.47 m and 0.71 m respectively.
The maximum northbound and eastbound error calculated by the factor graph
method is 0.36 m and 0.66 m respectively.

In order to quantitatively analyze the errors of each positioning parameter, the
mean values and standard deviations of errors of the north and east positions of
the factor graph method and the traditional Kalman filtering method were cal-
culated respectively. The calculation results are shown in Table 1.

As can be seen from Table 1, the positioning accuracy of factor graph method

is better than that of traditional Kalman filtering method, and it is consistent

DOI: 10.4236/jcc.2023.118007

103 Journal of Computer and Communications


https://doi.org/10.4236/jcc.2023.118007

H.F.Yangetal.

0-8 T T T T
Kalman filter
Factor graph
06 ]
~ 04 r b
E
S
w 02f |
c
K]
‘@
g o *
k7]
]
02r 1
04 1
_0.6 1 1 1 1
0 50 100 150 200 250
Time(s)
Figure 6. East position error.
Table 1. North and east position error.
North position East position
algorithm statistic P P
Error (m) error (m)
Standard Deviation 0.254 0.305
Kalman filter
Mean value 0.237 0.288
Standard Deviation 0.181 0.153
Factor Graph
Mean value 0.155 0.136

with the conclusion drawn from the curve. Since latitude and longitude are di-
rect measurements, factor graph method can overcome the influence of asyn-
chronous information fusion and introduce the measurements into the calcula-
tion network in time. Therefore, the positioning accuracy of factor graph me-

thod is relatively high.

5. Conclusion

In this paper, SINS/GNSS combination positioning method based on factor
graph is proposed to solve the problems of poor positioning accuracy of substa-
tion construction personnel and large error of multi-source heterogeneous in-
formation fusion. In this method, the measurement information received by in-
ertial navigation system and satellite was abstracted as factor nodes, and the sta-
tus information is abstracted as variable nodes. The integrated factor graph
model of SINS/GNSS construction personnel location is constructed. The recur-
sive and updated variable nodes are realized by Gauss-Newton iterative method,
and the optimal value of construction personnel location was calculated. The

results of personnel positioning experiment show that the SINS/GNSS combi-
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nation positioning method based on factor graph can continuously and stably
output high-precision navigation results, and effectively solve the problem of
SINS/GNSS non-equispaced fusion. Compared with the Kalman filter algorithm,
it has higher positioning accuracy, and can provide accurate location informa-
tion for the construction personnel in the substation. At present, most research-
ers study the theory of navigation optimization based on factor graphs, and few
scholars design the hardware platforms. In engineering practice, the develop-
ment of hardware platforms based on factor graph navigation should be in-

creased.
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