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Abstract: The addition of gyro azimuth measurements is a 
common and effective method to improve the accuracy of a 
control traverse in a long tunnel. The gyro azimuth itself is also 
affected by measurement errors. The traverse adjustment 
processing should take this into account; however, the quality 
of each directional observation is difficult to assess. On past 
engineering projects, gyro azimuths were considered as high 
accuracy (errorless) observations in the traverse adjustment 
process.  
China's newly developed, high precision and accuracy, 
magnetic levitation gyroscope is more practical to use in 
comparison to the traditional suspension tape gyro theodolite. 
This magnetic levitation gyroscope adopts a static, lock-down 
north-seeking mode and it is supplemented by  non-contact 
photoelectric torque feedback and control technology to obtain 
data for a  large number of north-seeking observations .  
In order to improve the accuracy of a long traverse, with 
maglev gyro surveys, the authors evaluated the precision of 
gyro orientation sides and proposed the new method of  
“variable precision adjustment optimization”. 
The proposed method was tested on a long tunnel traverse 
survey where gyro azimuths were measured using the Maglev 
Gyro with variable precision. 
The proposed new adjustment method and the classical 
adjustment methods (1- by treating a gyro survey as the 
errorless reference for the following section of a traverse, and 
2- by adjusting a section of a traverse on basis of the starting 
and the ending gyro surveys with a specific accuracy) were 
applied to the obtained results for the long traverse. The 
horizontal errors at the break-through point were calculated 
and compared. 
The results proved that the new proposed adjustment method, 
the “variable precision adjustment optimization”, could 
effectively improve the positional accuracy of the traverse and 
the break-through point. 

I. INTRODUCTION 
Gyro orientation technology is often adopted to correct 

the underground traverse azimuth errors, to improve the 
accuracy and reliability of underground traverse control 
network and to ensure a successful tunnel break-through 
(Zhang, 2007). Traditionally, there are two adjustment 
methods used for an underground traverse after measuring 
gyro azimuths. One of the method regards the gyro 
orientation sides as the strong (errorless) sides, and on its 
basis calculates the coordinates of the following traverse 
points (Li and Chen, 1993). The other method regards gyro 
orientation sides as the equal precision observations with the 
weight determined by: 

Pα i =
m0
2

mα
2

 

The coordinates of traverse points are calculated by the 
condition adjustment method (Coal measurements, 1989; 
Engineering Surveying, 1993).   

However, in the case of a very long tunnel, the 
differences of latitude and vertical deviation, the changes of 
tunnel’s temperature, humidity and air pressure have 
varying degree effects on the gyro orientation surveys.  

So far, little attention has been focused on the variable 
observational conditions of gyro azimuth surveys and 
considering them as variable precision observation values. 
Consequently, the adjustment calculation process of a super 
long tunnel traverse, with measured gyro sides, should 
evaluate the quality of the gyro orientation results in 
different situations and optimize the underground traverse 
according to the evaluation results.  

However, the evaluation of the quality of gyro orientation 
results is a difficult problem. The currently widely used 
traditional suspension tape gyro theodolites adopt a swing 
type dynamic north-seeking mode. They do not monitor and 
record the orientation parameters in the real time. China's 
newly developed, high-precision, magnetic levitation 
gyroscope is more practical, in comparison with the 
traditional suspension tape gyro theodolite. This magnetic 
levitation gyroscope adopts the static, fixed, north-seeking 
mode and is supplemented by the non-contact photoelectric 
torque control and feedback technology to obtain the vast 
north-seeking observation data acquisition and process 
simulation. Therefore, based on the technical features of 
Maglev gyroscope, the authors provide a “various precision” 
adjustment processing method for the very long tunnel 
traverse. The feasibility and validity of this method is 
verified by a test project example. 

II. KEY TECHNOLOGIES IN GAT MAGLEV GYRO 
STATION 

The GAT Maglev gyro total station is China's newly 
developed high precision gyro orientation instrument. The 
instrument uses Maglev technology instead of the traditional 
suspension tape support technology. It measures earth’s 
angular momentum through a non-contact photoelectric 
torque feedback control technology. It can collect the high 
volume of real-time data to measure true north. The national 
department of standards  (Surveying and Mapping 
Instruments Measurement Supervision and Test Center in 
Shaanxi province) has verified the instrument accuracy as 
better than 3.5″. Since 2008, the instrument has been 
successfully applied in more than twenty major underground 
engineering projects such as: the Hanjiang-to-Weihe river 
water diversion, the Qinling super long tunnel project, the 
Guangzhou-Shenzhen-HK High-Speed Railway Shiziyang 
tunnel project, and the Lanzhou-Chongqing railway west 
Qinling tunnel project. Obviously, the GAT maglev gyro 
total station plays an increasingly important role in 
underground engineering surveys. 
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A. Technology supporting Maglev 
The new type of high precision magnetic bearing support 

system has been applied gradually in practice. Even though 
Maglev technology has more challenges in its system 
design, the magnetic bearing technology is very suitable for 
providing excellent output shaft environment for the whole 
machine (Yang et al., 2010). It can provide for gyro north-
seeking process automation. The design principle of the 
Maglev system is shown in Figure 1, where: H = the 
rotational inertia, !! = the rotational angular velocity of the 
Earth, and = the latitude of location. 

 

	
Figure 1. Maglev system diagram 

When Maglev begins the survey, the magnetic levitation 
coil is electrified. Accordingly, the magnetic force makes 
the armature and gyro sensitive part rise and keeps them in a 
state of suspension, and then the instrument starts to collect 
data. After the survey, when the current to the magnetic 
levitation coil is cut off, the magnetic force disappears, and 
the gyro sensitivity part automatically falls back and is 
rested. 

If the gyro sensitive parts are in the suspended state, due 
to the influence of earth rotation effect, the gyro axis will 
produce a meridian seeking torque toward the meridian 
direction. The meridian seeking torqueM is: 

 
= ×ω ϕ αeM H cos sin     (1) 

where: H is the rotational inertia, 
eω is the rotational angular 

velocity of the Earth, ϕ is the latitude of an observation, α
is the north azimuth of gyro rotation axis. 

Under the influence of meridian seeking torqueM, the 
gyro axis will generate precession effect around the 
meridian plane. At that moment, a reverse torque M’ = -M is 
applied to the gyro sensitive part. The reverse torque, 
applied through the torque compensator, keeps the gyro 
sensitive part in a stationary state, and the value of the 
reverse torque M’ can be measured with a torque controller.  

Accordingly, the north azimuth of the gyro rotation axis
α could be calculated from the measured reverse torque M’: 

′
=α

ω ϕe

Marcsin
H cos     (2) 

Compared with other traditional suspension tape 
gyroscopes, the Maglev gyroscope sensitive part is in a state 
of non-contact suspension. This solves the problem of 
traditional mechanical bearing friction interference. 
Simultaneously, the technology could prolong the service 
life of gyroscope. 

 
 
 

B. Technology of measuring stability  
In general, there are several aspects of the instrument 

stability problem, which have to be addressed. The first 
aspect involves the stability of the instrument constant. The 
stability of the instrument constant includes two aspects: 
The first is the long-term stability, i.e. the variation of the 
instrument constant over a long time; the second is the 
short-term stability, which reflects the transportation 
adaptability and the instrument random installation accuracy 
(Kai, 1981; Misra, 1993). In order to ensure the 
transportation adaptability, when the gyro sensitive part is in 
a non-working state, the gyro rotor is locked with the force 
of 50 Newtons to ensure that the structure elements will not 
be damaged due to bumps during transportation. 

The second aspect relates to the speed stability of the 
gyro motor, and it plays a critical role in affecting the 
accuracy of gyro north seeking (Lin, 2006). In order to 
control the stability of the gyro motor rotation speed, the 
instrument adopts a current feedback, a voltage feedback, 
and a rotation speed feedback, in the design of the power 
supply system, which achieves the gyro motor’s stable high-
speed rotation. 

The third aspect deals with the stability of the instrument 
structure. Several methods were used to ensure the stability 
of instrument’s structural design. Such as the high precision 
bearing pairs that were adopted to reduce the fluctuation of 
friction torque, the conductive hairspring is adopted to 
connect the sensitive components and shell, and this 
conductive hairspring is made of relatively stable bronze 
wire alloy to ensure the stability of the micro torque. 
Moreover, in order to protect the internal components, the 
gyro compartment is filled with helium gas and sealed with 
silica gel. This way, the service life of the whole instrument 
can be prolonged and the stability of the whole system can 
be improved. 

In addition, in the fields of mining and high-speed 
railway tunnel measurement, some magnetic material and 
electronic devices will inevitably produce electromagnetic 
fields, which could affect the stability of the gyroscope. The 
electromagnetic interference must be tested at the beginning 
of the instrument design, and then the corresponding 
measures must be made to eliminate these effects (those 
measures include power board shielding measures by 
adopting soft magnetic material, etc.) 

C. Technology of quick orientation and measurement 
automation 

By adopting the photoelectric torque north-seeking 
method, GAT gyro total station can quickly collect 60,000 
groups of data (the rotor current values and the stator current 
values) in 8 minutes, and to calculate the gyro motor axis 
direction and the geographic meridian northern azimuth. 
The whole north-seeking process is convenient and fast, 
without artificial interference, hence, it completely avoids 
the zero observations and the messy process of artificial 
trace readings. This technology greatly improves the 
efficiency of the orientation measurement. Furthermore, the 
PDA system serves as a data communication interface to 
achieve the overall integration of the gyro total station. With 
the help of the Windows CE operating system, the 
instrument uploads, downloads and process data, providing 
the high degree of automation and visualization to the whole 
orientation process. 

ϕ
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D. Technology of vast data acquisition and analogue 
simulation  

When the gyro sensitive part is in a stable state, the 
torque sensor begins to collect data and the meridian seeking 
torque M is calculated. The real-time reverse torque M’i 
keeps the gyro sensitive part in stable state. The 
mathematical relationship between the electric currents (in 
the rotor and in the stator) and the real-time reverse torque is 
presented in formula. (3): 
!!
! = ! ∙ !!" ∙ !!"    �3� 

where: k is the coefficient which is a certain value 
depending on the system, IRi is the rotor current value, ISi is 
the stator current value. The reverse torque M’ can be 
calculated by formula (4): 

′M =
k ⋅ IRi ⋅ ISi

i=1

n

∑
n

    �4� 

where: n is the number of the current measurements. 
Fig (2) shows the scatter diagram of electro-magnetic 

data from the gyro. The horizontal axis represents the 
number of data samples, and the vertical axis represents the 
values of rotor’s electric current.  

 

	
Figure 2. Scatter diagram of electro-magnetic data from gyro 

According to a large number of experimental studies, the 
stator sampling current value follows the normal 
distribution, and the mean and variance show good stability. 
The 60,000 groups of rotor electric current data are 
sufficiently dynamic to reflect the change of the gyro north-
seeking state. This technology overcomes the problem, that 
the traditional gyroscope can collect only a limited amount 
of original observation data, and realizes the function of 
real-time vast data acquisition. 

III. THE ADJUSTMENT METHOD OF A DEEP AND LONG 
TUNNEL TRAVERSE WITH MEASURED GYRO 

AZIMUTHS 
Quality evaluation of the maglev gyroscope orientation 

results based on the north-seeking data. 
Because of the Maglev gyroscope’s vast data acquisition 

technology, the real-time observations are able to simulate 
the gyro north-seeking process, and to evaluate the quality 
of the orientation results. If the gyro stator electric current 
has a good stability, it can be regarded as a constant in 
formulas (1) and (3), the relation between the rotor electric 
current and gyro north azimuthα  can be calculated by: 

( )1 2

2

−
= ⋅ ⋅α

ω ϕ
R R

S
e

I I
k I

H cos
    (5) 

where: 
1R
I and 

2R
I are the average rotor current values in 

the two north-seeking positions, SI is the average stator 
current value in both positions. 

The quality of the orientation result, according to the two-
position rotor sampling data, can be evaluated by: 

1 2

2 2

2
⋅= +α ω ϕ R R

S
I I

e

k Im m m
H cos

   �6� 

where: mα is the gyro north azimuth error, 
1RI

m and 
2RI

m
are the errors of the rotor electric current values at the two 
north-seeking positions. 

A. Adjustment model of a traverse after measuring the 
variable precision gyro azimuths 

Lets consider a traverse network with N measured gyro 
orientation sides, where each gyro orientation side has a 
variable precision, and the corresponding azimuths are 1α ,

2α ,…, nα . The traverse network can be divided into N-1 
parts, as shown in Figure 3 (Part 1, Part 2, … , Part N-1). 
The 

,i jβ represents the j th traverse angle of the part i , and 

the standard error of horizontal angle is � β
. 

	

	
Figure 3. Adjustment of a traverse after measuring N variable precision gyro orientation sides 

The adjustment steps for such a traverse could be as 
follows: 

 (1) The gyro orientation error
1

mα ,
2

mα ,… ,
N

mα can be 

calculated by formula (6). 
(2) Using the condition adjustment method, the condition 

equations of azimuth corrections can be represented by (7) 
& (8): 

�α� − �α� + �β
�

��

∑ + �
�
= �

�α� − �α� + �β
�

��

∑ + �
�
= �

!

�α� −� − �α� + �β
�

�� −�

∑ + �
�
= �

⎧

⎨

⎪
⎪
⎪
⎪

⎩
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⎪
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   (7) 
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where: 1n , 2n ,… , Nn are the numbers of traverse angles in 

each part of traverse, ,i jβ is the j th traverse angle in the 

part i ,  
1 2 1
, , ,

−
L

N N
V V V Vα α α α are the corrections of each 

gyro azimuth, Vβ is the correction of each traverse angle. 

(3) To determine the weight of the gyro azimuth the 
following should be considered:  

If each traverse angle observation is of equal precision , 

the traverse angle measuring errormβ  is regarded as the unit 

weight standard error, that means �=β� , so the weights 

of the gyro azimuth angles �α�  are: 
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(4) Solving the normal equation (10) 
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The coefficient matrixK can be calculated by (11): 
� = −� −��      (11) 
 
(5) Calculating correction and adjusted value of each 

angle 

The corrections of each traverse angle Vβ  can be 

calculated by (12): 
 
�β� = �β��� = �β��� = ! = �β���� = �

�

�β� = �β��� = �β��� = ! = �β���� = �
�
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The corrections of each gyro azimuth can be calculated 

by (13): 
�α� = �

�
⋅ �

�
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          (13) 

 
Then the adjusted values of each traverse angle and each 

gyro azimuth can be calculated by (14): 
 
β
���

= β
���

+ �β�
α
�
= α

�
+ �α�

⎧
⎨
⎪

⎩⎪
         (14) 

 
Where: 

,i jβ is adjusted value of each traverse angle, 
iα is 

the adjusted value of each gyro azimuth. 

IV. APPLICATION AND RESULTS 
The present adjustment method was proven to be feasible 

when applied to a traverse in a deep and long tunnel. The 
total length of the tunnel is about 20km, and the maximum 
depth about 1000m. Although the tunnel extent is long, and 
it is deep, considering the project cost and geological 
factors, the subtend excavation method was adapted instead 
of digging sections by section.  

The underground control network is shown in Figure 4. 

The standard error of traverse angles (mβ ) was ±1″and the 

average length of a traverse side was 400m. The traverse 
length, from the tunnel entrance to the station ZL38 is about 
15.2km. 
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Figure 4. Underground traverse network 

The GAT magnetic levitation gyroscope total station was 
used to measure the gyro orientation sides. The nominal 
standard accuracy of the instrument was  ±3.5”, and a gyro 
side was measured every 5km. A total of 5 gyro sides were 
measured. 

According to the formula (6), the orientation error of each 
gyro side can be respectively calculated by the sampling of 
data from the magnetic levitation gyroscope. The standard 

error of traverse angles �β = ± ′′�  is regarded as the 

mean error of measurement with the unit weight. 

After measuring a number of gyro sides, three types of 
adjustment methods were used to adjust the traverse. 

Table 1 presents the comparison of the underground 
traverse adjustment result by adopting three adjustment 
methods (each gyro side as a strong side, each gyro side is 
an equal precision observation (±3.5"), and each gyro side 
is a variable precision observation). The quality of the 
adjustment results was compared by the precision of a 
horizontal breakthrough at the point K (ZL38).  

TABLE 2: THE COMPARISON OF THREE GYRO SIDE ADJUSTMENT METHODS 

Adjustment 
method Strong side Equal precision Unequal -precision 

Gyro side 
Azimuth error 
�α �⎡⎣ ⎤⎦  

Break 
through 

error [mm] 

Azimuth error 
�α �⎡⎣ ⎤⎦  

Through 
error [mm] 

Azimuth error 
�α �⎡⎣ ⎤⎦  

Break 
through 

error [mm] 
ZL7→ZL8 - 

137 

±3.5 

85 

±3.3 

64 

ZL14→ZL15 - ±3.5 ±7.4 

ZL21→ZL22 - ±3.5 ±1.3 

ZL28→ZL29 - ±3.5 ±2.6 

ZL35→ZL36 - ±3.5 ±1.7 

	

V. CONCLUSIONS 
It can be seen, that the horizontal precision of a 

breakthrough point can be effectively improved by adopting 
the variable precision adjustment optimization method. This 
applies especially to a very long and deep tunnel, which 
spans different geographic regions, and where geological 
conditions are complex. These factors have varying effects 
on the gyro orientation results.  

The acquisition of a vast amount of data and the analog 
simulation technology of the magnetic levitation gyroscope 
provide an opportunity to apply this method. The instrument 
and the survey method provide not only the confidence in 
the survey results but also allows for evaluation of the 
quality of the gyro north orientation. 
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