Int. J. Metrol. Qual. Eng. 11, 17 (2020)
© J.J. Feng et al., published by EDP Sciences, 2020
https://doi.org/10.1051 /ijmqe/2020015

International Journal of
Metrology and Quality Engineering

Available online at:
www.metrology-journal.org

RESEARCH ARTICLE OPEN @ ACCESS

Research on Beidou and GPS dual satellite positioning algorithms

for substation site positioning

Junjie Feng , Junfeng Shi, Lei Gao, and Hongwei Huang

State Grid Maintenance Co. of SEPC, Taiyuan, Shanxi030026, PR China

Received: 12 October 2020 / Accepted: 18 November 2020

Abstract. With the rapid development of global satellite navigation system technology, multi-mode satellite
navigation positioning technology that can be compatible with multiple navigation systems at the same time is
bound to become the future development trend. Compared with the single-mode navigation system, the multi-
mode navigation system has many advantages, such as a large number of visible stars, a wide coverage, high
positioning accuracy, and good reliability. Based on this, this paper applies Beidou and GPS dual-satellite
positioning algorithms in substations and studies its key technologies. Specifically, with the aid of MATLAB to
solve the Beidou double satellite positioning, GPS positioning results, and the big dipper, GPS double satellite
positioning in two times, four times, eight times more weight under the condition of coordinate values and the
actual coordinates on the x, y, and z axes deviation were compared. The results pointed out that GPS and Beidou
double satellite single point positioning effect would be different under different weights. Therefore, in the actual
positioning, the positioning effect of the algorithm can be improved by adjusting the weight. In order to test the
feasibility of the proposed Beidou and GPS dual satellite positioning algorithms, positioning experiments were
carried out, and the results were compared with the single satellite positioning results. The results showed that
the curves of Beidou and GPS dual satellite positioning algorithms were highly fitting to the actual curves,
confirming the feasibility of the proposed algorithm. This study aims to improve the accuracy and efficiency of

substation positioning and navigation for the development of domestic power transformation.
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1 Introduction

With the rapid development of science and technology and
the continuous advancement of navigation technology,
navigation technology has been widely used in people’s
daily life and related scientific research activities, especially
making important contributions to substation inspection
and navigation [1-5]. However, due to the special
substation environment and the interference of magnetic
fields and other factors, it is difficult for a single-mode
positioning and navigation receiver system to efficiently
complete the positioning and navigation tasks of the
substation [6-8]. At the same time, a single-mode
positioning and navigation system will also have problems
with fixed errors and the number of satellites, which further
inhibits the availability and integrity of the satellite
navigation and positioning system [9,10]. In order to solve
this problem, this paper will propose a solution method for
Beidou and GPS dual satellite positioning systems to

* Corresponding author: fjyzmn@163.com

achieve the dual satellite positioning results and improve
the accuracy and efficiency of substation positioning and
navigation.

2 The working principle of Beidou and GPS
navigation system

2.1 Beidou navigation system

The Beidou Navigation System is a global navigation and
positioning system independently developed in China and
compatible with the three existing navigation systems.
According to the original intention of the Beidou
navigation system, the completed navigation system is
mainly committed to providing users with high-quality
navigation, positioning, timing, and brief communication
services worldwide. At present, it has been widely used in
transportation, aviation, military, etc.

The development of the BDS is proceeding steadily on a
“regional” and then “global” path. First, the Beidou
Navigation Satellite Test System, known as the Beidou 1
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system, was completed in 2000. The GEO operation
experiment was carried out to train technical personnel and
accumulate experience. Later, the Beidou Regional
Navigation Satellite System, or Beidou 2 Regional System
for short, was established. More than a dozen satellites,
such as geostationary orbit satellites, MEO and IGSO,
were launched, and navigation, timing, and positioning
services covering the Asia-Pacific region were completed in
2012. Finally, a complete global satellite navigation system
is constructed, involving satellites including geostationary
and geostationary orbit satellites.

“Beidou 2” consists of three separate parts: a satellite
constellation, a ground monitoring station, and user
equipment. At present, the Beidou 2 system is comparable
to civil GPS in positioning accuracy, which can reach
within 10m, timing accuracy up to 20ns, and short
message delivery of 120 Chinese characters.

2.2 GPS navigation system

The Global Position System (GPS) was originally devel-
oped by the US Navy as a satellite navigation system to
provide Global navigation for arctic nuclear submarines.
The system, due to the predecessor of the US military
development of a “Meridian”, is also known as the
“Meridian Satellite System”.

The main features of GPS compared with other
navigation systems are: GPS system can not only be used
for position measurement and navigation, but also for
speed and time measurement of moving targets. Among
them, GPS time measurement and speed measurement
accuracy can reach 0.1m/s and tens of nanoseconds
respectively. GPS measurement is not affected by factors
such as work place, climate, etc. and can be carried out
continuously anytime and anywhere. Similar to the
structure of the Beidou navigation system, GPS also is
composed of space, ground, and user.

The GPS system’s “space constellation” consists of 24
satellites, four of which are evenly distributed within each
orbital plane. The distribution of the system’s space
constellations can effectively ensure that at least four
satellites can be observed at any point at any time on the
earth at the same time, and the satellite signals will not be
greatly changed due to extreme weather in the transmis-
sion process.

The “ground monitoring part” of GPS system consists of
master control station, monitoring station, and informa-
tion injection station. “Monitoring station” is a data and
information acquisition center under the supervision of the
main control station, mainly responsible for satellite status
monitoring and information acquisition. On the one hand,
the “master control station” coordinates and manages the
work of the ground monitoring system. On the other hand,
according to the observation data of this station and other
stations, various ephemeris data, clock correction param-
eters and pseudo-range error correction parameters are
compiled. The data is then transmitted to the injection
station to provide a time reference for the GLOBAL
positioning system. Finally, according to the clock
information compiled in the navigation message, the
satellite deviated from the orbit is adjusted, and the

standby satellite is used to replace the failed satellite. The
“information injection station” is mainly composed of PC,
satellite antenna, and VHF segment transmitter. Under
the control of the master control station, all kinds of
message data, clock, ephemeris, pseudo-range error
parameters and other control instructions are injected
into the corresponding satellite storage, and the correctness
of the satellite system is tested.

The “user device” of GPS system can be divided into two
parts: data receiving and processing. The receiving part is
mainly the front-end processing module of various kinds of
GPS or GPS-compatible receivers. The data processing
part includes all kinds of data processing software and
microprocessor. The main function of the receiving module
is to receive satellite signals and preliminarily process the
signals to obtain some necessary navigation data and
measurement information. The processing part refers to
the use of various programming tools for subsequent
processing of the observed data in order to obtain accurate
positioning results.

3 Systematic observation quantity setting
and user position calculation under single
system

3.1 Systematic observation quantity setting

As the distance observed between the satellite and the
receiver, the pseudo-distance can be measured by measur-
ing the time when the satellite signal is transmitted to the
receiver, namely (r= ¢ x t). In the GPS system, if ¢ is the
moment when the satellite j transmits the signal, ¢, is the
signal reception moment when the local pseudocode
generated by the receiver and the satellite signal are
cross-correlated to produce the maximum value, and it is
assumed that the signal propagates under vacuum and does
not consider the influence of errors. Then, the measured
pseudorange is the true geometric distance between the
satellite and the receiver, which can be expressed as:

RZ:C’(tr—t]), (1)
Where C'is the speed of light under vacuum, and the
superscript j and the subscript r represent the satellite
number and the receiver, respectively.

In the above equation, # and ¢, are the actual
transmitting and receiving moments of satellite signals.
If the effect of the clock difference between the satellite and
the receiver is taken into account, the pseudo-distance
should be expressed as:

Rl = C(t, — ') + C(8t, — 6t'), (2)
where 8¢ represents the standard clock difference of the
time of the satellite clock face relative to the satellite clock.
8t,.is the clock difference of receiver clock face time relative
to satellite standard time, and the first term on the right of
the above equation can be expressed as:

M= Ot~ ) = /@ — 2, + (5, + (2 2
3)
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In equation (3), r/ represents the actual geometric
distance between the satellite and the receiver, while
(Z,y,”) and (z,,y,,2,) represent the position coordinates of
the jth satellite and receiver r in the same geodetic
cartesian coordinate system, respectively.

In the actual pseudo-distance measurement, as satellite
signals are affected by ionosphere, troposphere, multipath,
relativity, tide and other factors in the propagation
process, the real pseudo-distance should be expressed as
follows:

Rl =1] + C(8t, — 8t’) + Stro + Sion + S + &, (4)

In equation (4), 8,,, represents the pseudo-distance
error caused by the ionosphere. 8,,., represents the pseudo-
distance error caused by the troposphere. §,,,; represents
the pseudo-distance error caused by the multipath effect. ¢
represents the pseudo-distance error under the influence of
other factors. C(8t,— 8¢’) represents the pseudorange error
caused by the clock difference between the receiver and the
satellite, and in the above formula, except for the receiver
clock difference §t,, all the error values and satellite
position coordinates can be directly or indirectly calculated
from the satellite ephemeris file. Therefore, equation (5)
can be expressed as a function:

RZA = f(mmyrvzraStr)' (5)

Similar to the observation principle of THE GPS
navigation system, the Beidou and GPS dual navigation
satellite systems can observe the GPS and Beidou satellite
ranging at the same time during pseudo-distance observa-
tion. Therefore, different time standards (BDT and GPST)
can be used according to Beidou and GPS, using the clock
difference parameters between the two systems to perform
pseudorange fusion. The details are as follows.

Assuming that the receiver of the dual-satellite system
takes GPST as the benchmark, when GPS is observed, the
propagation time of the satellite signal can be obtained by
subtracting the GPST standard time when the receiver
receives the signal from the satellite. When the observing
satellite is the Beidou star, the propagation time of the
signal from the satellite clock face to the receiver is
expressed as the GPST standard time when the receiver
receives the Beidou satellite signal minus the BDT
standard time when the Beidou satellite transmits the
signal. The pseudo-range between the Beidou satellite and
the receiver can be obtained according to the previous
equation:

R]LBD = C(tT*GPST - t%DT)

(6)

= C(tr—gpsr — (thpsy — Stapsr—por))

= C(tr—gprsr — tpsr) + Ctapsr—por,

In the above formula, &k represents the Beidou satellite
number, R]:, pp represents the pseudorange between the
k-th Beidou satellite and the receiver, t,_ g¢pgris the GPST
time when the receiver receives the signal, and t%, . is the
BDT time when the Beidou satellite transmits the signal.
As can be seen from the above equation, the first term on

the right of the equals sign is similar to equation (2),
indicating the observation pseudo-distance between the
receiver and Beidou satellite. The second term is the error
term caused by the clock difference between different
systems. Therefore, compared with a single system, a new
system time difference 8tgpgr_ppr is introduced in the
observation pseudorange of the Beidou satellite in
the Beidou and GPS dual satellite systems. Similarly,
the expression form of the function to rewrite the above
formula into equation (5) is as follows

(7)

Finally, equations (5) and (7) can be used to obtain the
pseudo-distance equation between the satellite and the
receiver in Beidou and GPS twin satellite systems, which
can be expressed as follows:

RY pp = f(2r, Yy, 20, 8ty, Staps—pD),

{ erGPS = f(xh Yry Zrs at’f) (8)

R,_gp = f(xr,y,, 2,8, 8tcrs—BD)

3.2 User position calculation under single system

The essence of satellite navigation is to calculate the
amount of observations. The essence of satellite navigation
is to calculate the amount of observations. In A GPS
navigation system, the user’s position coordinates can be
calculated after determining the satellite’s position coor-
dinates and the observation point’s observation pseudo-
distance. According to pseudo-distance observation, the
pseudo-distance between any satellite and receiver can be
expressed as follows:

Rﬁ = Ti + C(8t7' - 5tj) 4 8tro + Bion + St + €

@ e - ) (o a)
-+ C((Str — (St]) + 8161"0 + (Sion + (Smul +e&.

9)

For the above equation, the pseudo-distance equation
after error correction can be expressed as follows:

=@ =)+ )+ (=) O
= f(xra Yrs Zr) + Catra

where o’ represents the pseudo-distance measured
value after error correction. As the above equation
f(x, Y, 2)+ C8t,. is a nonlinear equation, the pseudo-
distance of at least four satellites is needed when the least
square method is used to solve the coordinates, and each set
of equations needs to be linearized.

Suppose that the approximate receiver position
(2,0, Yr0, Z,0) is known, and the deviation between the real
receiver position and the approximate receiver position is
represented by (Az,, Ay, Az), then

Ty = Ty + Axr

Y=1Yro + Ayr
Zr = 20 + Azr

(11)
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Then f(z,, y., 2,) can be expressed as:

f(@r,ypy 20) = (200 + Az, Y, + Ay, 200 + Az). (12)

For the Taylor expansion of the above equation at point
(z,0, Yr0, %0), the remainder terms after the first partial
derivative are ignored, and the following arrangement can
be obtained:

Apj = f(xr07 Yros zTO) - f(xra Yrs Zr) - C8tr

J_ j J_ 5
— x—_%OAwT + Y Yro Ay, + L Az, — Cét,.
T]O r]O 7’-]0

A T A

(13)

In the above equation, 7“1];0 is the geometric distance
between j satellite and receiver approximate position

(xv()v Yr0, Zv()):

Py =/ (@ 20) + (¢ —90) + (T~ 20)  (14)
L — ijrr Jp— yjfyr L — Zj*Zr :
Ifa,; = - Ly = ) ¢and a,; = ) ¢ equation (13)
can be simplified as:
Ap’ = azjAz, + ayAy, + a;Az, — CAt,. (15)

According to the linear equation, the above formula can
be written as:

Ap = AAz. (16)

When the observation satellite is m, the above equation
can be written as:

A,Ol Qg1 ayl a1 1 A;]jr
Ap2 [0 2% A2 azo 1
b= |27 Ja= | T T e |
. : . : : T
A pm Qem  Qym Qo 1 -C Atr
(17)

When m is greater than or equal to 4, the solution can be
obtained according to the least square method:

Az = (ATA) " ATAp. (18)

At this point, the solution is: (Az;, Ay, A z), and the
new initial coordinates are obtained by adding this solution
to the approximate position of the receiver:

T, = T, + Axy

Y1 = Yo + Ay -
2 = 2o + Az

(19)

Bring this approximate value back into equation (19)
for iteration until the accuracy of Az, Ay, and Az,
reaches below the meter level, and finally the position
coordinates of the receiver can be obtained.

4 User location calculation under Beidou and
GPS dual satellite systems

4.1 Beidou and GPS dual satellite system positioning
algorithm

Based on the single-system positioning principle, this paper
uses the pseudo-range observation method to solve the user
coordinates under the Beidou and GPS dual satellite
systems. The difference is that when performing pseudor-
ange fusion of the combined system, the pseudorange error
caused by the time deviation of the system needs to be
considered. Therefore, the pseudorange equation of the
dual-satellite system will introduce a new time system
difference unknown factor, and the combined equation will
contain five unknown parameters. the fused pseudorange
equation can be expressed as follows:

R, _gps = f(xra Yrs 2rs Str) (20)
R, p = f(xr, Yy, 2r, 8tr, 8taps_BD)
It is obtained by the transformation of the single system
positioning equation Ap= AAz after linearization in the
previous section.

Ap — AAx = Ag, (21)

where A¢ represents the measurement error term. The
pseudo-range observation equation of Beidou and GPS
combined system can be expressed as:

Apgps — AgpsAz = Aty (22)

Apyg — BraAz = Aepg

Assuming that the observed GPS stars are m and

Beidou satellites are n, the parameters in the above formula
are expressed as follows:

Ap;p‘g [e 251 ay1 a1 1 0
Ap? Az G apn 1 0
gps Y z
Apgys = : Agps = :
A,OZ;)S Qgm aym Azm 1 0
_iagpsl
Egps2
Aggps = ,]p ) (23)
Aegpem
Ap[%d bxl byl bzl 11
Apbd be by2 bz2 1 1
Apyg=| . |Bu=| . : :
L Appg bom  bym bam 1 1
[ Agsar
Aepgy
AEbd = . (24)
| Apan
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Az,
Ay,
Az,
—CAt,
—CAteps—Bp

Az = (25)

According to the pseudo range fusion, the combined
observation equations are as follows:

[Apgm] _ {Agps ] Az — [Asgps}
Apyy By Agyg |

For solving the above linear observation equation, the
most basic method is to use the least square method to solve
it. The solution of the least square method minimizes the
sum of squares of the difference between each function
value and the actual measured value, so it is optimal.
However, since the above equation is composed of two
different systems after pseudo-distance fusion, the factor of
different positioning accuracy of each system should be
taken into account when solving the equation, so that
specific weights can be set for different systems. Based on
the above considerations, this article uses the adjustment
method to solve the positioning based on the least square
method. As an effective algorithm for dealing with linear
equations, the adjustment method introduces the weight
matrix on the basis of the least square method to make it
become a full rank linear equation problem. This method
has good applicability and finally minimizes the variance
between the measured result and the estimated predicted
value.

For equation (26), the formula is further rewritten as:

(26)

Apoorn — AcomAzr = Aécom, P, (27)
where Ap.,,, is the N-dimensional pseudo range observa-
tion, Ao, is the coefficient matrix (N x 5) dimension in the
combined observation equation, Ag..,, is the N-dimensional
observation error vector, Az is a 5-dimensional unknown
vector, and P is the symmetric weight matrix in N by N
dimensions. Among them, (N= m -+ n) solves the observa-
tion equations of the above equation, according to the least
squares criterion, there is:
(Ascom)TPAswm = min. (28)
When observed visible star combination (N=5), the least
square adjustment is used to solve the equation to get
-1
Az = A, Apeom- (29)
When observed visible star combination (N)5), the least
square adjustment is used to solve the equation to get

Az = (AT PAcpn)” (AL, PApom)-

com

(30)

4.2 Weight setting based on least square method

The weighted least square method is often used in data
processing, which requires less prior information for data

processing and has better adaptability. The criterion for
data optimization is that the variance between the
measured data and the predicted value of the estimation
model is the smallest after parameter estimation. As the
setting of the weight will affect the final positioning result,
it is an important factor to be considered in the process of
solving the dual satellite positioning. The selection
methods of the weight ratio are very diverse, mainly
considering the ranging error and other factors of the
receiver. In the practical application process, there is a
certain connection with factors such as the location of the
receiver. Under the ideal condition, by using the same set of
original observation data values and using MATLAB to
solve the positioning results of Beidou and GPS dual
satellite positioning, the 3D coordinates in the designated
coordinate system can be obtained. After the comparison of
the true values of the same position, the errors along the
X, Y and Z axes can be obtained. The deviation between
the coordinate values of Beidou and GPS under the
conditions of 2x, 4x, and 8x weight and the actual
coordinate values along the X, Y, and Z axes is analyzed, as
shown in Figures 1-3.

In the process of GPS and Beidou satellite positioning,
the influence of weight on positioning results should be
considered. It can be seen from the above data errors that
the positioning errors of two times weight and four times
weight are not significantly different, but both are slightly
higher than the accuracy of eight times weight, among
which the positioning result of four times weight is the best.
The selection of different weights has a different influence
on the positioning deviation of GPS and Beidou twin
satellites single point positioning; therefore, it is concluded
that the selection of appropriate weights can appropriately
improve the positioning accuracy of the two satellites in the
process of positioning the two satellites.

5 Positioning result analysis

In order to further test the feasibility of the Beidou and
GPS dual-satellite positioning algorithms proposed in this
study, the positioning effects of the single Beidou
positioning system and the single GS positioning system
were compared, and the results obtained are shown in
Figure 4.

It can be seen that although the positioning results of
the single Beidou positioning system and the single GPS
positioning system are relatively good, there is still a gap
compared with the Beidou and GPS dual satellite
positioning results. The Beidou and GPS positioning result
curves basically fit the actual positioning curve. Therefore,
the feasibility of Beidou and GPS positioning systems for
substation positioning is confirmed.

6 Conclusion

In general, this article first explains the working principles
of Beidou and GPS navigation systems and clarifies the
respective characteristics of Beidou positioning and
navigation systems and GPS positioning and navigation
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Fig. 1. Two times the power Beidou-GPS dual satellite single point positioning deviation.
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Fig. 2. Four times the power Beidou-GPS dual satellite single point positioning deviation.
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Fig. 4. Comparison of positioning effects under different
positioning algorithms.

systems. Then the system observations are set accordingly,
and the user position under the single system is calculated.
Secondly, on the basis of the previous theoretical analysis,
the positioning algorithm of Beidou and GPS dual satellite
systems is explained, and its weights are set on the basis of
the least square method, and different weights are
obtained. For GPS and Beidou dual satellites, the influence
of the positioning deviation of the single-point positioning
is different; therefore, it is concluded that the accuracy
of the dual-satellite positioning can be appropriately
improved by selecting the appropriate weight in the

dual-satellite positioning process. Finally, the positioning
effect of the Beidou and GPS dual-satellite positioning
algorithm is compared with the single Beidou positioning
algorithm and the single GPS positioning algorithm. The
obtained positioning curve has a higher degree of fit with
the actual positioning curve, which confirms the feasibility
of the application of the dual-satellite positioning algo-
rithm proposed in this study in substations.
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