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O AbstractdOn the operation for discharge-type microtunneling machines equipped with laser target positioning
system, how to perform direction control of the driving machine based on the obtained sensing data largely
depends upon the skill of operators. In this paper, a direction control model which represents the dynamic
behavior of the driving machine for head angle control is introduced and an on-line estimation method is adopted
to estimate the posture of the driving machine and the model parameters matching the soil condition of the
ground, for which direct observation is almost impossible. The direction control model to predict the behavior of
the driving machine makes it possible to give an optimal control of the head angle. A prototype of auto navigation
system with machine state estimator and optimal direction controller is designed and experimentally applied
to an actual construction site, and validity of the navigation system to maintain sound control performance is

confirmed.

0 Keywords[O Microtunneling, Acemole, Automatic control, Kalman filter, Optimal control

1 Introduction

The microtunneling technology is receiving attention
as an alternative method to the open-cut method from
the aspects of economy and environmental conditions,
and there are demands to increase its range of ap-
plication and accuracy. Representative microtunneling
technologies include the press-insertion method, auger
method and balance method. These are selected ac-
cording to the line shape and the type of soil in the
section to be tunneled, as well as economy, low pollu-
tion, and so on. The Acemole DL method, which is a
kind of slurry and earth pressure balance method, can
be used with a variety of excavation cutter heads, en-
abling it to cope with a wide range of soil, from ordi-
nary soil to ground containing pebbles and rubble stones,
and can also be used for tunneling over long distances
[1][2]. In addition, new operation systems aimed at re-
ducing the cost for initial installation of foundation fa-
cilities have been developed [3]. This paper describes an
autonomous navigation system intended for highly ac-
curate, automatic direction control of a discharge-type
micro-tunneling machine (Acemole DL method). Previ-
ously, the performance of this type of tunneling machine
was greatly dependent upon the skill of the operator.
This system employs a state transition model that indi-
cates the motion characteristics with respect to direction
correction operation of the driving machine. It thus real-
izes a state estimation function for estimating the overall
position and attitude, which are difficult to observe di-
rectly, and also a direction correction support function
that uses optimal feedback control based on this model.
Here, a description is given of the method of configuring
a machine state transition model, the method of estimat-
ing machine state using a Kalman filter and the method
of designing an optimal direction correction control sys-
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Fig.1: Configuration of discharge-type micro-tunneling
machine

tem. The construction of the auto navigation system
is also described, and the effectiveness of the system is
verified based on the results of evaluating it in on-site
tunneling tests.

2 Tunneling Machine Sensing System

Fig.1 shows the overall configuration of the micro-
tunneling machine that is intended to be controlled by
this system. The cutter at the end of the driving ma-
chine advances under the propulsion force of the jacking
machine while excavating the ground in the vicinity. The
pipeline is formed by adding conduits of constant length
one after another. The tunneling direction of the ma-
chine can be controlled by inclining the machine head
up, down left or right by means of built-in hydraulic
jacks.

Fig.2 shows the sensing system, which employs a laser
target method, in the case of straight-line tunneling.
When the laser beam emitted by the laser theodolite
illuminates the target surface of the laser receiving de-
vice at the rear of the driving machine, the displacement
of the laser receiving device from the reference line (laser
beam) can be obtained. On the other hand, the tilt an-
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Fig.2: Position detection system employing laser target
method

gles in the horizontal and vertical directions with respect
to the laser beam at the rear of the driving machine can
not be obtained directly, so the each tilt angle is approx-
imated from the change between the displacement of the
laser receiving device with respect to the reference line
(laser beam) and that measured after the machine has
advanced several tens of cm. However, this is based on
the assumption that the driving machine does not turn
during this interval, so the resulting values are not neces-
sarily accurate. The approximate horizontal and vertical
displacements of the articulation joint are obtained from
these tilt values. Also, the value obtained from the ar-
ticulation angle sensor, which detects the relative angle
between the front and rear of the driving machine in
the horizontal direction, is used to obtain the horizontal
position of the machine head, and the pitching gauge
installed at the front of the driving machine is used to
obtain its vertical position. Fig.3 shows the horizontal
position detection system employing an electromagnetic
method, and also the vertical position detection system
employing a liquid pressure difference method, which are
used to perform curved tunneling. For the horizontal di-
rection, the induction field generated by the sending coil
in the driving machine is detected by a magnetic field
detecting device on the ground, enabling the horizon-
tal displacement from the projected line to be obtained.
For the vertical direction, a pressure sensor in the driv-
ing machine detects the difference in the pressure at the
point being excavated and the reference liquid pressure,
enabling the depth to be obtained.

3 Machine State transition Model

Fig.4 shows the definition of position and angle of
each part of the tunneling machine for expressing the
state transition model of the machine. The horizontal
displacement of the cutter tip as seen from the projected
line is X, the displacement of the machine head is X},
the displacement of the articulation joint is X,,, and
the displacement of the laser receiving part is X;. Also,
the tilt angle (yawing angle) at the front of the driving
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Fig.3: Position detection system employing an induc-
tion field detection method and also a liquid pressure
detection method

machine with respect to the projected line is 8y, the
tilt angle at the rear of the driving machine is g, the
tilt angle (head angle) at the machine head when the
front of the driving machine is taken as a reference is
nm, and the relative angle between front and rear of
the driving machine is ¢ (articulation angle). Also, a
similar coordinate system can be defined for the vertical
direction in order to derive the state transition model,
however the description here is limited to the horizontal
direction.
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Fig.4: Coordinate system of state transition model

Fig.5 shows the state transition model of the driv-
ing machine during unit tunneling length when direction
correction motion is performed.

(a) shows the condition when the head angle is
changed from ng by exactly Ang (g = nu + Ang).
Here, if there is no reaction from the ground in the
vicinity of the machine, the front edge of the machine
will change by exactly AXy = LpAng when the length
of the machine head is Lj. However, in actual fact, it is
conceivable that there will be a reaction from the ground
as indicated by (b), so the following assumption is made
for the state transition model.

O Assumption 10 A certain proportion, keneg of the
displacement AX g of the front edge of the machine
due to the head angle change Ang cuts into the
ground side. Also, the yawing angle 6 of the front
of the driving machine and the articulation angle ¢
vary with the magnitude of kepepr.
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Fig.5: State transition model for unit tunneling length

Here, the front edge X!/ of the machine after the reaction
from the ground shown in Fig.5 (b) has been taken into
account, and the yawing angle 6% of the front of the
driving machine can be expressed as follows. Note that
a downward displacement (right side with respect to the
direction of advance) is positive.

Xé/ =X.+ kencHLhAnH (1)
Ly

0y =0 — ——— kener A 2

i = On = o Renct A (2)

In these equations, L indicates the length of the front
of the driving machine. Fig.5 (c) shows the state tran-
sition model when the machine advanced through unit
tunneling distance of exactly L, from the state that it
was in after it was subjected to the ground reaction of
(b). Here, the following assumptions are made.

O Assumption 2 0 The front edge of the machine
moved in the direction to which it tilted by an angle
of exactly (g with respect to the front of the driving
machine. Also, (g is equal to 1y multiplied by a
fixed coefficient k,n provided that the characteris-
tics of the soil in the vicinity of the machine do not
change.

0 Assumption 3 0 The change of attitude of the ma-
chine per unit tunneling length (Afy = 0" —0%;) is
assigned by the linear sum of a limited number of
past head angles, including the current head angle,

and the disturbance factor (bias component) that
is unrelated to the direction correction operation.
Also, the coefficient that expresses the magnitude
of the effect on the attitude change for each head
angle is constant provided that the characteristics of
the soil in the vicinity of the machine do not change.

The above two assumption are expressed by the fol-
lowing two equations.
X" =X+ (0 + kyuny) Ly (3)
0 = 9}{+60771(L})+61771(L?)+6277§;1)+' : '+Bnb771(q_nb+l)+dH
| (4)
Here, 772) = Ny, 77%)) = 7y, and nfq_l) expresses the
head angle at a point exactlyi x L, (m) to the rear
of the current position. b; is a coefficient that ex-
presses the degree to which 7)2) affects Afy, and dy
indicates the disturbance factor. Here, if the machine
front edge position and also the head angle and yaw-
ing angle of the front of the driving machine are ex-
pressed as X [k], Ox[k] and ng k], respectively, and also
the values after the machine has advanced through the
unit tunneling distance of (c¢) are expressed in the form
Xe[k+1)(= X2).nar [l+1)(= mjy), and 6 k-+1](= 0,
a state transition model expressed by the following equa-
tions is obtained
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br; in the last line of Eq.(6) is the same as each coeffi-
cient of ng [k + 1 —i] in the second line after it has been
rewritten.

The following assumption is made concerning the be-
havior of the rear of the driving machine.

O Assumption 4 0 The tilt angle at the rear of the
driving machine with respect to the projected line
follows the angle at the front of the driving machine
with a delay of exactly Ly(m).



Assuming here that the first decimal place of Ly/L,
rounded off to the nearest integer is nd, the above as-
sumption can be expressed by the following equation

Or, k] = On[k — nd) (7)

Concerning the horizontal motion used in the case of
straight-line tunneling, it is possible to measure the hor-
izontal position X; of the laser light receiving surface
and also the relative angle between the front and rear of
the driving machine (articulation angle ¢). As shown in
Fig.5, these can be expressed by the following equations

X ZXC—Lh(QH—I—??H)—LfHH—L,«eHr (8)

¢ =0 —Onr (9)
Where, L, is the length of the rear of the driving ma-
chine.

4  Design of State Estimator

It is not possible to directly measure the values of
the variables of the above state transition model such as
the horizontal displacement X, of the front edge of the
head and the tilt angle 6 with respect to the projected
line, and it is necessary to estimate them as well as the
coefficient by; in Eq.(6). A state estimation of these
unknown variables is performed using a Kalman filter,
based on the state transition model of Eq.(6) and Eq.(5).

4.1 System State Equation Expression

First, the
following variable vector Xy € R(dH24nbE3)x1 4 po
estimated is defined.

Xpulk] = Orik—nd Xe)| *

]T

O Omp—1) -
% bro ba1 - bHnb—1| i kence koo

Here, it is possible to express Eq.(5) and Eq.(6) by means
of the following state equation.

Xpylk+1] = Fulk| X gk] + wgl[k] (10)
Where
1 O1xna 0| Lyhm
Ind Ond><2 ndxnb
FH[k] = Lp O1xnd 1 O1xnp * [
Onbx (nd+2) I,
O3 (nd+2) O35np
1 0 0
Ond><3
0 LyAngp  Lpnaky
O3
I3
huaw = Lpnupry NH[k—nb+2])

Also, L), = (1—Ly/(Lrn+Ly))Lp, and O;x; and I}, indi-
cate a zero matrix consisting of i rows and j columns, and
also a k-dimensional unit matrix. wg[k] is the system
noise consisting of E(wpy) = 0 and E(wH[k]wg[k,]) =
Ym0k, E() is the expected value, and 0y is Kro-
necker’s delta.

4.2 Observation Equation Using the Laser

Method

In this case, the observable signals are laser position
Xt and articulation angle ?. These signals can be ex-
pressed using the following observation equation by us-
ing Eq.(8),Eq.(9) and Eq.(7).

Yur k] = Ha X ulk] + vaLlk] (11)
Where
Xkl + L k
Yyurlk] = [ o gf)[k]hnH[ | }
—Lp—Ly Oixna —Lr 1 le(nb+3)]
H =
e { 1 Oixna  —1 0 Oixmbrs)
vgrlk] is the observation noise consisting of

E('UHL) =0 and E('UHLUC]’UEL[I@’]) = EUHLékk"

4.3 Observation Equation Using the Electro-

magnetic Method
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Fig.6: Coordinate system of state transition model

In the electromagnetic method, the magnetic field gen-
erated by the sending coil in the driving machine is de-
tected by the magnetic field detector on the ground, en-
abling the horizontal position of the machine to be de-
tected. As shown in Fig.6, this method measures the
displacement X p (coil position) from the projected line.
The following equation holds as the observation equation
related to the coil position

Xp=X.—Ly(ng +6u) — Lpbu

As a rough guide, coil position detection using the
induction field detector is performed at an interval of
the conduit length. Depending upon the situation at
the site, however, measurement may also be performed
at odd intervals. Consequently, the observation equation
differs according to whether or not coil position detection
is performed. The observation equation when the coil
position is measured is as follows.

(12)

Yuplkl = HupXulk]l +vuplk] (13)
Where
vl = | yplk] ] _ { Xplk] + Lunm[k] }
HD | YolK] P[]
CH, ]
H =
HD =,
_ [ —Lp—Lp Oixna 0 1 Oiypmpyis)
1 Oixna =1 0 Oix(npt3)
VHD = [’UD ’U¢]

|



Also, the observation equation when the coil position is
not measured is as follows.

(14)

Yolk] = Hp X (k] + volk]

vaplk] (vglk]) is the observation noise consisting of
E(’UHD) = O(E( ) = 0) and E(UHD[k]vHD[k/]) =
YoHD O E(%[k 1)) = BgOkk)-

4.4 State Estimate Using a Kalman Filter

Here, if it is assumed that E(wgy k]vH %
O (nd4nb+5)x2, it will be possible to configure the fJollow—

ing Kalman filter, and obtain the estimated value X g [k]
of the unknown vector X g[k] [5].

[Filter equation]

—

Xulkl = X' ulk] + K ulk] (v k] - HulK]X 1 [K])
(15)
(16)

—~

X'ylk+1] = Fylk]X gk

[Kalman gain]

K ylk] = 5 k) H (K] (H (k) 2 k] H 8] + )
(17)

[Error covariance matrix equation]

Sulk] = Sulk] - Kulk) Hulk] = 5 [K](18)
Sulk+1 = Fylkl Sylk] FLk +Son  (19)
yulkl = HgX glk] + vk (20)

Here, the observation value vector y5 and the obser-
vation matrix H g should be switched as follows accord-
ing to the observation method applied.

[Laser target method|]

yulkl = yur

Yo = XuHL
_ | H:

Hu = [ H, }

[Electromagnetic method]

when coil position is given
when coil position is not given

Yur

waltl = { U

3,ugp when coil position is given
) when coll position is not given

Hypp when coil position is given

Hy = . . .
H, when coil position is not given

5 Designed of Direction Correction
Controller

Here, horizontal direction control of the machine us-
ing the state model estimated by means of the Kalman
filter is considered. The horizontal and vertical direc-
tion motion components can be assumed to be indepen-
dent of each other, so all that is needed is a control sys-
tem that performs direction control separately in each of
these directions. If it is assumed that the parameters re-
lated to state transition of the machine with respect to
head angle operation (direction control) when the soil
is of uniform quality are estimated by the Kalman fil-
ter, and each retains constant values bgrs, kencrr, knm, it
will be possible to describe the state transition model of
Eq.(5),Eq.(6) and Eq.(7) using the following state space
expression, by defining state vector Ty as

sk —1] ---nlk—nb+1]]"
xplk+ 1] = Ag xglk]+ By vulk] +dy (21)
X[k = Cy zylk] (22)
Where
vkl = Anpulk] = nulk +1] — nu k]
Ay =
1 O1xnd+1) (Vo + V1) Vo - Vs

I.,; Onaxi Onax (nb—1)
Lp Oixnq 1 kan 01><(nb—2)
O1x (nd+2) 1 Oixmp—2)
O (nb—2)x (nd+2) I.p2 Opp—2)x1
Vo
0nd><1
By = | kencl), +kyLy
1
Omp—2)x1
Cy =
[—(Lh+ Lg) Oix(na—1y —Lr 1| =Ln O1x(np—2) |
dy=[dg0--- 0]

Also, b, = L, b;

Here, the coordinates of the linear system of Eq.(21)
and Eq.(22) are converted as shown below so as to realize
direction control in which X;[k] — 0.

x'[k +1] A' z'[k]+ B vylk]+d  (23)
Xi[k] = C'z'[k] (24)
Where
Z'[k] = Taxylkl
Inav1r Ogmat1yxnb
T = Cy

O(np—1)x(nd+2) Ino—1



A = TAxT!

B’ = TBpy
C' = [Oixmaty 1 Oixio—1)]
d = Tdy

Here, if dy is sufficiently small, it is possible to ob-
tain € — 0 and realize X; — 0 by performing state
feedback control according to the following equation.

vplkl = —K z'[k] = —K Tx k] (25)
By selecting the following evaluation function J, for ex-
ample,

<
|

= 3 g X2 + K]
k=0

- ax: T [K]CTC'2 K] + vh[k]  (26)
k=0

it is possible to determine the feedback gain K as fol-
lows, by using LQR control logic that optimizes J[6]0
T oo
K- (1+B"PB) B"PA (27)

Where, P is the solution to the following Riccati equa-
tion.

P = g CTC'+ATPA
—1
— ATPB (1+B’TPB’) BTPA' (28)

Here, gx: indicates the weighting concerning the con-
vergence of X;. The larger this value, the faster is the
convergence (response) to 0.

6 Direction Correction Control Test

Below are described the results of performing an on-
site tunneling test using a prototype auto navigation sys-
tem that employs the abovementioned state estimation
and direction correction control methods.

6.1 Awuto Navigation System

The various kinds of sensor data from the driving
machine are transferred sequentially into the operation
panel by the sequencer, and enter the navigation PC via
the add-on link unit. The data analysis results and direc-
tion correction control instruction values are displayed
on, and each parameter is set from, the externally in-
stalled LCD panel via the user interface software. The
optimal direction correction provided by the system is
assigned by the operator by operating the machine head
tilting hydraulic jack. Fig.7 shows an example of op-
eration of the software used in the implementation test.
On the left and right sides of the screen are displayed
data concerning the horizontal and vertical directions,
respectively. The horizontal axis of both graphs indi-
cates the relative tunneling distance, and 0 m indicates

the present position. To the left of this point the ob-
servation results obtained so far are displayed, and to
the right of it the predicted response based on a simula-
tion of the case where optimal direction correction con-
trol is performed from now on is displayed. The upper
graph indicates the head angle input. The bar graph
on the negative side of the horizontal axis (past data)
indicates the head angle actually assigned to the ma-
chine by the operator, and the o mark indicates the
optimal head angle input computed by the navigation
system. The lower graph indicates the displacement of
the laser target, and the thick line on the negative side
of the horizontal axis indicates the data obtained from
actual observation. The thin line indicates the predicted
laser target displacement at a certain point, based on the
state transition model estimated at a point about 2 m
in the past from the above point. A comparison with
the thick line provides a rough indication for evaluating
the suitability of the estimated state transition model.
Also, when using the electromagnetic method, the dis-
play changes over to a graph display of the coil position
[4].

6.2 Tunneling Test Results

An on-site tunneling test for direction correction con-
trol was performed using the Acemole DL50. Table 1
shows the external dimensions and other specifications
of the machine pertaining to navigation.

Table 1 Specifications of DL50 driving machine

External dimensions ¢ 457 x 3257 mm
Weight 2198 kef
Direction correction jack 12t x 20st x 3
Machine head Ly 1000 mm
Front of driving machine | Ly 1117 mm
Rear of driving machine | L, 1144 mm
Sending coil position Lp 745 mm

The unit tunneling length over which the tunneling data
is sampled (except coil position detection) was L, = 0.1
m. Consequently, the selected order related to the delay
at the rear of the driving machine introduced in 0 As-
sumption 40 is nd = 11. Also, regarding 0 Assumption
30, nb was assumed to be equal to 5 in Eq.(6).

Fig.8 shows the results of evaluating direction correc-
tion control in a section where tunneling is performed in
a straight using the laser target method. Like the dis-
play of Fig.7, the o mark in the graph that indicates
the horizontal head angle 1y indicates the optimal head
angle input computed by the system, and the bar graph
indicates the actual head angle input assigned by the op-
erator. Also, the thick line in the graph that indicates
the horizontal displacement X; of the laser target indi-
cates the observed value, and the thin line is a plot of
the predicted displacement at a certain point, based on
the state transition model estimated at a point about 2
m in the past from the above point. Concretely, it is
the value obtained by using the state estimation value
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Fig.7: Display examples of user interface software for the auto navigation system

X g for a point 2 m in the past as the initial value, and
then integrating Eq.(21) over a distance of 2 m. Conse-
quently, if there is an error in the initial value, it will be
accumulated in the estimated value. The trend of the
response of X; can be seen from the predicted plot, and
it can be said that the estimation results obtained are
appropriate for a machine state transition model. The
actual head angle input differs by several /g with re-
spect to the optimal head angle input provided by the
system. This is due to manual operation by the oper-
ator, which has limited accuracy because of the char-
acteristics of the machine direction correction jacks. It
was confirmed, however, that satisfactory direction cor-
rection motion could be maintained over this evaluation
section.

The thick line in Fig.9 indicates the estimated results
for the horizontal position and attitude of the driving
machine in this section. The thin line indicates the esti-
mated values resulting from data processing using the
conventional operation panel. These values were ob-
tained as follows: First, the angle of the driving ma-
chine with respect to the reference line at the rear of
the driving machine was obtained from the change in
the displacement of the laser light receiving part at 60-
cm tunneling intervals, and then the articulation angle
sensor data was added, enabling the position and atti-
tude of the driving machine to be obtained. As can be
seen from the figure, the data processing method, which
is based on the difference between the 60-cm intervals,
produces a lot of noise. Particularly, large errors occur
in the estimated values of position and attitude of the
driving machine when discontinuous changes in the laser
displacement data appear immediately after the start of
pushing, for example. This can be misleading to an in-
experienced operator. On the other hand, because the
estimated value based on the state transition model is
computed based on the construction of the machine, the
error dispersion of the sensor data, and so on, it is pos-
sible to obtain smoother estimated results.

The estimated values in the evaluation section for each
of the parameters in state transition model Eq.(5) and
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Fig.8: Results of horizontal direction correction control

Eq.(6), and so on, are roughly constant. Table 2 shows
the combined values for the horizontal and vertical di-
rections. Fig.10 shows the results of evaluating vertical
direction correction control. Y; is the vertical displace-
ment of the laser target.

Table 2 Estimated values of the model parameters

bro | -0.207 ][ byo | -0.691
brn | 0199 || byy | 0471
bra | 0024 | bys | 0.295
brs | 0.032 || bys | -0.04
brs | 0.1 bys | 0.079
Kencrr | 0.9 Keney | 0.74
kom | 0.1 kv | 0.47

Fig.11 shows the evaluation results for the case where
direction correction control was performed using the
electromagnetic method, which detects the magnetic
field generated by the sending coil inside the driving ma-
chine from above the ground. This method was used be-
cause the gradient of the vertical projected line changes
mid-way thus the laser target method is no longer avail-
able after the break point despite the fact that the hori-
zontal projected line is straight. The displacement X p of
the coil with respect to reference line measured using the
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Fig.10: Results of vertical direction correction control

induction field detecting device is indicated by the sym-
bol m . While the position detection by the electromag-
netic method is being stopped until the next detection,
state estimation is performed only by the articulation
angle data to estimate the position of the coil. These
estimated position values are indicated by the solid line.
From Fig.11, the difference between the estimated value
prior to coil position detection obtained using the state
transition model, and the value measured by the induc-
tion field detecting device, is about 100 20 mm. It is
thus possible to verify the effectiveness of the state tran-
sition model in this evaluation section, and also it can
be seen that satisfactory direction correction control op-
eration can be maintained.

In the tunneling section shown in Fig.11, the pro-
jected line was straight in the horizontal direction, but
its gradient changed mid-way in the vertical direction,
preventing the laser from being used, so direction correc-
tion was performed using the electromagnetic method.
If it is necessary to perform curved tunneling, this can
be done by rewriting the position and attitude variables
of Eq.(10) to a state equation the displacement of which
is based on a curve. However, verification by on-site
tunneling tests remains a topic for the future.
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Fig.11: Results of direction correction control when the
electromagnetic method is used

7 Conclusion

An auto navigation system aimed at highly accurate
automatic direction correction control of a discharge-
type micro-tunneling machine was developed. This sys-
tem uses a state transition model that indicates the mo-
tion characteristics of the driving machine with respect
to the direction correction operation. It thus realizes a
state estimation function for estimating the overall po-
sition and attitude of the machine, which are difficult
to observe directly, and also a direction correction sup-
port function that uses optimal feedback control based
on this model. As a result of performing an on-site tun-
neling test, it was confirmed that satisfactory correction
control operation can be maintained in the tunneling
evaluation section, using the laser target method and
the electromagnetic method.
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