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Motion control and positioning
system of multi-sensor tunnel
defect inspection robot:

from methodology to application

Ke-Qiang Liu%2*, Shi-Sheng Zhong?, Kun Zhao? & Yang Song?

As the mileage of subway is increasing rapidly, there is an urgent need for automatic subway

tunnel inspection equipment to ensure the efficiency and frequency of daily tunnel inspection. The
subway tunnel environment is complex, it cannot receive GPS and other satellite signals, a variety

of positioning sensors cannot be used. Besides, there are random interference, wheel and rail idling
and creep. All the above results in poor performance of conventional speed tracking and positioning
methods. In this paper, a multi-sensor motion control system is proposed for the subway tunnel
inspection robot. At the same time, a trapezoidal speed planning and a speed tracking algorithm
based on MPC (Model Predictive Control) are proposed, which simplify longitudinal dynamics model
to overcome the complex and variable nonlinear problems in the operation of the maintenance

robot. The optimal function of speed, acceleration and jerk constraint is designed to make the tunnel
inspection robot achieve efficient and stable speed control in the subway tunnel environment.

In this paper, the "INS (inertial navigation system) + Odometer" positioning method is proposed.

The difference between the displacement measured by the inertial navigation system and the
displacement calculated by the odometer is taken as the measurement value, which reduces the
dimension of the conventional algorithm. The closed-loop Kalman filter is used to establish the
combined positioning model, and the system error can be corrected in real time with higher accuracy.
The algorithms were verified on the test line. The displacement target was set to be 1 km and the
limit speed was 60 km/h. The overshooting error of the speed tracking algorithm based on trapezoidal
velocity planning and MPC was 0.89%, and the stability error was 0.32%. It improved the accuracy
and stability of the speed following, and was much better than the PID speed tracking algorithm.

At the speed of 40 km/h, the maximum positioning error of the robot within 2 km is 0.15%, and the
average error is 0.08%. It is verified that the multi-sensor fusion positioning algorithm has significantly
improved the accuracy compared with the single-odometer positioning algorithm, and can effectively
make up for the position error caused by wheel-rail creep and sensor error.

With the advancement of urbanization around the world, the urban population is increasing, and the increasingly
prominent problem of urban congestion promotes the rapid development of urban rail transit industry. Under
the background of the climax of subway construction, with more and more subway lines put into operation,
many structure problems are gradually exposed in the subway tunnels that have been opened to traffic, such as
cracks, deformation, leakage, etc.! The daily allowable detection window of subway tunnel is 2-2.5 h, and the
maintenance workload is heavy.

How to complete a large number of detection work in a limited time during tunnel operation will be the
focus in the future. In view of the problems of small number of measuring points, slow detection speed and large
amount of manual work existing in the traditional tunnel detection technology, there is an urgent need for an
efficient and economical detection technology and equipment, which can quickly complete the measurement,
ensure the measurement accuracy, be economical and durable, and maximize the automation.

At present, there are many researches on disease recognition of detection equipment in the world®=>. But the
motion control is not intelligent, mainly manual driving or operation, and cannot adapt to the complex tunnel
environment. The detection data is processed manually, the positioning efficiency is slow.
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Discussions
At present, there are three main speed tracking algorithms for autonomous rail vehicles.

1. Classical control algorithm based on PID and improved algorithm based on PID: It performs well in
general working conditions, but the performance deteriorates under traction and brake switching. At the same
time, as the vehicle system often has strong nonlinear and too many constraints, how to determine the optimal
PID parameters becomes a challenge. Researchers have tried the PID control algorithm based on particle swarm
optimization algorithm®, fuzzy prediction’ and other parameters self-tuning.

2. Algorithm based on intelligent control: Artificial intelligence algorithms such as neural network?, itera-
tive learning’ and expert system'®!! transform driving knowledge and experience into a series of domain rules
through original data to simulate the driving strategy of people with rich experience, which can overcome the
dependence on accurate mathematical models. But it is highly dependent on artificial design. It often requires a
large amount of test data and parameter calibration to make rule base'.

3. Adaptive algorithm: Researchers use adaptive control algorithm'?, back-step method', synovial control's,
etc., to overcome the shortcomings of PID algorithm and intelligent control algorithm, and achieve some results.
In recent years, model predictive control (MPC) and its evolution algorithm have been used in motor control'é,
path tracking'’~", microgrid energy management®, energy-efficient buildings®!, biological fermentation® and
other applications have good results. MPC algorithm has the advantages of simple model requirements, small
amount of computation, fast response speed and smaller overshoot. Inspired by these applications, combined
with the longitudinal motion model of tunnel inspection robot and a variety of constraints, the improved MPC
algorithm is adopted for speed tracking.

The inspection robot needs to obtain accurate positioning in real time for speed tracking and tunnel disease
location information. At present, rail vehicles cannot be accurately positioned through a single sensor such
as a rotating shaft speed sensor, but also need to manually mark mileage markers or lay transponders in the
tunnel. The cost is very high, and the intermediate process is not accurate positioning. Multiple methods have
been studied in robot positioning. Literature?*?* proposes a new denoised stereo visual odometry VO/INS/
GPS integration system for autonomous navigation based on tightly coupled fusion, which is used to estimate
vehicle position in GPS rejection or low texture environment. Literature®® designed the Kalman filter and GCC1
fusion method based on the optical flow sensor and the inertial sensor of UAV to carry out the localization
algorithm of the underground cable tunnel detection. Literature?® designed a positioning system by capturing
high-resolution images of the inner surface of the tunnel to create detailed 3D models. Reference?” developed
VILENS (Visual Inertial Lidar Legged Navigation System), an odometry system for legged robots based on factor
graphs. Literature® reviewed the positioning of underground coal equipment by using Kalman filter combined
with velocity observation mode.

Literature” summarized the experience and lessons of robot research in tunnel environment in nearly
10 years, and pointed out that due to the complex environment of iron tunnel, satellite signals such as GPS and
other signals could not be received, various positioning sensors could not be used, there were many uncertain
factors, excessive structural attachments, random interference, wheel and rail idling and coasting. May result
in the failure of algorithms such as tachometer localization, scanning-matching, LIDAR based SLAM, or visual
SLAM. Literature®® conducted in-depth analysis and research on the optimal information fusion estimation
algorithm, established the algorithm model of speed measurement and positioning system, and applied the clas-
sical information fusion algorithm to the speed measurement and positioning of trains in urban rail transit. In
literature®!, based on the combination positioning of pulse sensor, Doppler and transponder, and combined with
the location fingerprint positioning principle of WKNN, a subway train combination positioning system based
on CBTC was designed. However, the research of positioning algorithm focuses on the simulation stage, and the
calculation amount is too large, which cannot completely overcome the complex underground tunnel environ-
mental impact, and the construction cost is too high, so the actual use effect cannot reach the expected value.

In order to improve the intelligent operation of detection equipment, this paper takes the intelligent operation
of subway tunnel inspection robot as the entry point to study its speed control and positioning algorithm. The
main research contents and innovations are as follows:

1. Considering the short gap period for subway maintenance, in order to save vehicle running time and improve
inspection efficiency as far as possible under the premise of safety, the trapezoidal speed planning algorithm
was designed based on the running route and the maximum speed limit of different routes. Different speeds
were matched in inspection section and cruise section, and the braking distance for obstacle detection was
reserved.

2. After the velocity planning curve is obtained, in order to realize the automatic and accurate control of the
robot’s velocity, the MPC speed tracking algorithm is adopted, and the simplified longitudinal kinematics
model is used to overcome the complex and changeable nonlinear problems in the operation process of the
maintenance robot. Besides, the constrained optimal function of velocity, acceleration and jerk is designed.
The algorithm will reduce the vibration of the maintenance robot and realize the speed tracking of the robot
quickly and accurately.

3. Without adding external positioning landmarks, the positioning algorithm of "INS + Odometer" fusion is
adopted. The difference between the displacement measured by inertial navigation system and the displace-
ment calculated by odometer is taken as the measurement value. The closed-loop Kalman filter is applied to
establish the combined positioning model, which has fewer matrix dimensions than the traditional velocity
observation mode and can correct the sensor errors in real time. Moreover, it can provide accurate position
information for robot speed control and disease monitoring.
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System scheme design

System structure. The motion control and positioning system of tunnel inspection robot mainly includes
two parts: hardware system and control algorithm, shown in Fig. 1. The hardware system includes 4G module
for network communication, motor controller for motor torque control, brake for emergency braking, odometer
and inertial sensor for positioning; The control algorithm mainly includes speed planning algorithm, speed
tracking algorithm and fusion of inertial navigation and odometer positioning algorithm. The structure of the
algorithm is shown in Fig. 2.

Velocity curve programming algorithm. The basic principle of trapezoidal speed planning® is shown
in Fig. 3. The local path planning length (or distance from the obstacle length) of the inspection robot is S. The
inspection robot starts at the initial speed V;, passes through the acceleration section, extreme speed section
and deceleration section, and finally stops at the point S at zero speed, which is the maximum speed limited
Vmax by the inspection robot. In order to avoid excessive acceleration and wheel slip, the maximum acceleration
is limited to a,. In the deceleration section, the maximum acceleration is limited to a,;. The motion process of
inspection robot can be extended by this planning algorithm.

At this time, the calculation formula of the distance required for acceleration section, deceleration section
and extreme speed section is:
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Figure 1. Structural diagram of motion control and positioning system of tunnel inspection robot.

Motion control and positioning system of
multi-sensor tunnel defect inspection robot

Velocity curve Speed tracking

control algorithm
based on MPC

Positioning

programming algorithm of "INS +

Odometer" fusion

algorithm

| | l [ ! |
ot RO et R

Figure 2. The structure of the algorithm.
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Figure 3. Basic principle of trapezoidal speed planning.
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where ' V; represents the traveling distance between the upper computer sending the braking instruction and
the actuator executing the braking action. S, is the acceleration displacement. S, represents the displacement of
deceleration section. S, indicates rapid short displacement.

The result of trapezoidal speed planning is the discrete expected value of speed, so it is necessary to segment
the planned distance. Based on the step calculation method of initial vehicle speed, if its execution period is t,

the driving distance within a cycle is tV;, then the formula for step calculation is as follows:

lstep =tV;

)

According to the difference of current speed and planned distance length, the speed planning results can be
divided into the several situations in the Fig. 4.
Case 1. IfV; > Vipaxand Sz > S(orV; < Viaxand Sy > S), the deceleration distance is insufficient, and emer-
gency braking measures should be taken. According to the length of the planned path, the emergency braking

speed reduction can be calculated to realize the vehicle deceleration and stopping action.
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Figure 4. Trapezoidal speed planning process.
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When deceleration distance is insufficient, there is only deceleration section in the speed planning result, and
the deceleration value of emergency braking should be calculated according to the speed and planning distance.
The calculation formula is as follows:

2
—V;
e d

4TS —av) S

In the above formula, a. 4 represents the desired deceleration required for emergency braking.
At this time, the calculation formula of speed planning is:

V2. +2a, glgep, Si <L
V= \/m i=L W

el
0o , Ly <§ <SS

where V,; represents the planning speed of the ith point on the planning path. S; represents the distance from the
start to zero deceleration. L} = S — o' V; represents the distance from the start to zero deceleration.

Case 2.1f V; > Vpax and S < S, the initial speed is higher than the maximum limit speed and the planned
path is long enough, the speed planning will first slow down the vehicle to the maximum limit speed, drive at
the limit speed for a distance, and then slow down to stop.

The distance travelled at each stage can be calculated:

L= Vr%lax_viz

2a4 5
Ly=S—1I3 (%)
L3:S—O(Vi

where L; represents the distance required to decelerate from the current speed to the maximum speed limit,
and L3 represents the distance required to decelerate from the maximum speed limit to the desired speed zero.
The calculation formula of speed planning is:

\/Vez(i—l) +2a4(Si = Si-1),  Si < Li
y

Vi = max2> Li<S <L, (6)
\/Ve(i,l) +2a4(Si —Si-1), La<Si<Ls
0, L3 <§; <S

Case 3. If V; < Vimax and Sy < S, it is necessary to determine whether there is a maximum speed segment
in the speed planning result. If there is a maximum speed segment, the vehicle will first accelerate to the limit
speed, drive at a constant speed for a distance, and then slow down to stop.

Calculate the distance traveled at each stage:

Li=S,
Ly=S8S—-13 (7)
L3=S—OtV,'

where, L; represents the distance required to accelerate from the current speed to the maximum speed limit,
and L3 represents the distance required to decelerate from the maximum speed limit to the desired deceleration
speed to zero speed.

The calculation formula of speed planning is:

\/Vez(i—l) +2a4(S;i — Sic1),  Si <L

Vo= Vinax» L <SS <L, (8)
er —
VViiy +2aaSi =S, La<Si=ls
0, L3 <S§; <S

Case 4. IfV; < Vimaxand Sy < S, and there is no top speed segment, the vehicle first accelerates to the maxi-
mum intermediate speed, and directly decelerates and stops after the acceleration.

v, \/Zaaad(s—aVi) + a4V} ©)
aq — ag
The distance travelled at each stage can be calculated:
L _v-v
2a, (10)
L2 =S—- CL’V,‘

where L; represents the distance required to accelerate from the current speed to the highest intermediate speed,
and L, represents the distance required to decelerate from the starting position to zero speed.
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Case 5. 1f Vi = Vinaxand Sy < S, when the vehicle speed is equal to the maximum speed limit and the planned
distance is long enough, the vehicle first travels at the current speed for a distance, and then decelerates and stops.
So the acceleration S, is equal to zero, which is the same thing as case 3.

Speed tracking control algorithm based on MPC. Kinematics model.  Firstly, the kinematics model
of the inspection robot is established. Because there are various nonlinearities of the motor, the creep of the
wheel and the aerodynamic resistance, the kinematics model of the inspection robot is a complex nonlinear
structure. In order to overcome this problem, considering that there is always time delay in the actual longitudi-
nal dynamic state due to the slow response of the vehicle drive system, a first-order lag is introduced to approxi-
mately reflect the longitudinal motion characteristics of the vehicle**. Expected acceleration ag, can be found in
terms of the expected velocity v,.s and the current velocity v. The relationship between the expected acceleration
a4es and the actual acceleration a of the inspection robot can be expressed as by the first-order delay system:
K

—a
Tgs+1

des (12)
where K = 1is the system gain, 74 is the time constant.
The state equation of continuous system can be expressed as:

x=®x+Iu

"’Z(g —ll/rd) HZ(K;)‘L’d) (13)

x=(v a)T U= Gges

where x € R?is the system state vector; u € R is the system control input.
Using the Forward Euler method, the discrete state equation of the system is obtained:

x(k+ 1) = Ax(k) + Bu(k)

1T 0 (14)
A= (0 I—T/rd) B= (KT/rd>

where k is the current sampling time; k + 1is the next sampling time; T is the sampling period.
Speed v is the system output, and the output equation can be written as:

y(k)y=Cx(k) C=(10) (15)

Cost and constraint functions. The system control objective is the speed tracking accuracy. At the same time, in
order to avoid excessive acceleration, the cost function is defined as:
J (x(k), u(k — 1), Au(k))
Ay Hc—1 H.—1

=3 ple i) = yrp(k + i[5+ D NAutk+ Dl + > llutk+ DI

i=1 i=0 i=0

(16)

where k — 1is the last sampling time; H,, is the prediction step; H, is the control step size; y,(k + i|k) is the
predicted value of control output; yy.r(k + ilk) is the reference value of control output; (k + i|k) indicates that
the value at time k + i is predicted according to the information at time k, where i = 1,..., Hp; u(k + i) and
Au(k + i)are k + i time control input and control input increment respectively, wherei = 0,...,H. — L, Q,R, S
are the system matrices of system output, control increment and control weight.

System constraints are mainly acceleration and rate of acceleration change constraints, which can be expressed
as:

Umin < u(k+1) < Umax, i =0,...,Hc — 1 (17)

Aumin < Au(k 4+1) < Attma,i =0,...,Hc —1 (18)
where unmin and umay are acceleration limits, Aumin and Aumay are acceleration limits.
MPC optimization model. Under object model Eq. (14), the basic objective of MPC is to minimize the cost

function, and time satisfy the control constraints (17) and (18), the cost function (16) is the minimum. Each
control cycle solves the following optimization problems:
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ﬂi(%](x(k)’u(k — 1), Au(k)) (19)

Finally, the optimal input increment Au is obtained, and the optimal input can be expressed as:

ukk) =utk —1)+ Au (20)

Positioning algorithm of "INS + Odometer" fusion. Odometer is a device for measuring vehicle speed
and distance. It is simple to use, but random noise such as wheel/rail idling and sliding will inevitably occur
during the operation of inspection robot, resulting in positioning error. Therefore, a single odometer cannot
achieve accurate positioning®. Inertial navigation is an autonomous navigation method that does not rely on
external information. It can not only provide the position and speed information of the carrier, but also provide
the attitude information of the carrier. The data update frequency and the short-term accuracy are high, but the
navigation error will increase with time, especially the position error. Therefore, it is necessary to use external
information for assistance to realize integrated navigation and effectively reduce the problem of error accumula-
tion over time®. In this paper, Kalman filter is used to integrate odometer and inertial sensing unit to monitor
the position and attitude information of inspection robot in real time.

INS output model. The inertial sensing unit is fixed on the inspection robot, and the inspection robot coordi-
nate system is set as the carrier coordinate system (b system). The forward direction of the inspection robot is x;,
axes, the direction perpendicular to the moving direction on the plane of the fuselage is y; axes, and the direc-
tion perpendicular to the plane of the fuselage is zj, axes. Select the geographic coordinate system (g system) as
the navigation coordinate system (n system), take the center of gravity of the inspection robot as the center, and
specify x4, yu, 2, to point to the East, North and sky respectively. Among them, the heading angle of the inspec-
tion robot is ¢, the pitch angle is 6 and the roll angle is y.

The attitude quaternion differential equation of the inspection robot*®

is expressed as Eq. (21):

. 1
QN = ® (@)

vy

b bbb @x b ~ Ruth @D
o =y — Gy = | @y | —Cy | wjecos L + W)—(&-h
Wz wje Sin Lﬁ tanL

where Q(?) is the attitude quaternion describing the attitude of the inspection robot; a)ibb = [ Wy Wy g ] T is the
angular velocity of the inspection robot measured by the gyroscope; w;. is the rotation speed of the earth; 4 is
the altitude of the inspection robot; v, vy, vz are the East, North and sky velocity components of the inspection
robot strapdown inertial navigation in the navigation coordinate system; L is the latitude of the inspection robot
on the earth; (wflb) q1is expressed as the quaternion form of vector; Rys and Ry are the radius of curvature of the
earth’s meridian circle and Mao unitary circle where the inspection robot is located.

According to the attitude conversion matrix of inspection robot:

cosy cos@ +siny singsinf  sing cos6 siny cos¢@ — cos y sin ¢ sin 6
Cp = | —cosysing +siny cosgsinf cos@cosé siny sing — cosy cospsiné
—siny cosf sinf cos y cos 6

To1 Tz Tos

|:T11 T T3
T31 T3z T33

The obtained attitude angle is:
6 = sin" (T3y)
y = —tan(T31/T33) (23)
¢ =tan""(T12/T)

The differential equation of speed update of inspection robot is:

. . Vx Vx

Ve =fx + (Za)ie sinL + m tan L) vy — (Za),-e cosL + m) Vv,

. . Vx Vx

vy :fy— (Zw,-951nL—|—RN+htanL)vx—RN+hvz (24)

7. = f + (204 cos L+ —= b
v, = Wi COS v -
z z ie Ry +h 'x Ryt + I g
where f = [fx f, f ] Tis the specific force measured by accelerometer; g is the gravitational acceleration of the
position of the inspection robot.
The position update differential equation of inspection robot is:
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L=v,/ Ry +h)
)= v/ [(RN + h)cosL] (25)
h=v,

Through the above method, the attitude, velocity and position equations after inertial navigation can be
obtained. Next, the odometer output model is analyzed.

Odometer output model. The odometer usually outputs the mileage increment within the sampling time inter-
val in pulse mode, so that the position increment output direction of the odometer always points to the running
direction of the inspection robot. The coordinate system of the odometer on the inspection robot is set as the m
system, which is the right front up coordinate system fixedly connected with the inspection robot, that is, the ox
axis is forward along the longitudinal axis of the inspection robot, the oy axis is right along the transverse axis
of the inspection robot, and the oz axis is upward along the vertical ground. The number of pulses output by the
odometer in the increment of position in the m system projection vector is:

N = [0 2R 1" (26)

where N is the number of pulses generated by one rotation of the odometer. n(t) is the number of pulses gener-
ated per unit time t, and the radius of the indexing circle of the wheelset is R.

The inertial navigation coordinate system is b system. The rotation matrix of converting the odometer coordi-
nate system into the inertial navigation coordinate system is C,. If Kpp is the odometer scale factor, the projection
of the odometer output position increment in the b system is:

AS? = CI'"KpN™ (27)

After further sorting, the position increment of odometer is calculated as follows:

ASH* sin &, cos «,
i ® 0 27 Rn(t)
ASt = AS” | = | cosay cosap KDT (28)
AS?Z sin o

wherein o, and «g are the heading and pitch installation angle of the inspection robot coordinate system relative
to the odometer coordinate system.

Considering only scale factor error 8Kp and installation error angle dc, and 8ag. These errors are considered
to be small. The components under the coordinate system of the inspection robot actually output by the odometer
can be simplified as follows:

~ 1 day O
ASt = | —8a, 1 Sag |(1+8Kp)(AS? +wy) (29)
0 —dag 1

where w, is random noise interference.
The second-order small quantity can be ignored. The component under the inspection robot coordinate
system of the actual output of the odometer can be expressed as:

§Kp
day
Sag
ASEE 0 ASY (30)
M} = | ASY AStz —astr
AS? —ASY 0

ASY = ASP + MP + wy

Kalman system model. 'This paper establishes the system model under the position observation mode. The
errors included in the combined system are mainly the attitude, speed and position errors of inertial navigation,
the zero-drift error of gyroscope and angular velocimeter, the odometer scale factor error and the installation
error of pitch angle and heading angle. The established combined positioning system is interrelated with these
errors, forming a closed-loop feedback system to optimize and correct the errors and improve the positioning
accuracy.

The equation of Kalman filter system is established as follows*”:

X(t) = FOX(t) + G(Ow(t) (31)

where F(t) is the system matrix; w(t) is system noise, G(¢) is the system noise transfer matrix, which is generally
white noise.
The integrated navigation state variable is 18 dimensions:
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X= [W)T,(w")T,wp)T,(sb)T,(V”)T,SKD,MQ,S% ! (32)

where v" is the speed error; " is attitude error; 8 is the position error; £? is gyro zero drift; V? is the zero drift of
accelerometer; §Kp is the odometer scale factor error; o, S, is the installation error angle of pitch and heading.

The odometer scale factor error and installation error angle can be regarded as random constants. Therefore,
the corresponding system matrix is:

F1 0O3x3
F =
{03“5 03><3:| (33)

F) is the transfer matrix corresponding to the inertial navigation system error equation, and the calculation
method is shown in reference®.

Inertial navigation position update needs to calculate the position increment in the navigation coordinate
system of each cycle, and the formula for calculating the position increment is:

AP = (VP +v")T (34)

where V! and V| are the coordinate system speeds of the inspection robot obtained from the pure inertial
navigation solution at ¢; and ¢, times respectively; T is the update cycle.
The updating algorithm formula of dead reckoning position output by odometer is:

APP = Cl(ti_)ASY + Cl(ti_p) ASY"

§Kp
Say
Sag

= CP(tim1) ASY + Cl(tii) ASP g™ + CP (ti- )M? + CP(tim)wa

where Cj/(f;—1) is the attitude matrix solved by the inertial navigation system at time ;.

The difference between ins and dead reckoning position increment in unit time is used as the measurement
to expand the dead reckoning error to the state. Since the differential calculation is used for the inertial navi-
gation position calculation, and the error accumulation increases with the increase of time, the difference per
second between the inertial navigation position increment and the dead reckoning position increment under
the navigation coordinate system is used as the measured value:

K K
S
Z=> AP} =) APP (36)
i=1 i=1

where K is the number of location updates in T.

During the operation of the inspection robot, the real position of the inertial navigation solution is the same
as that of the odometer dead reckoning: ViT T= Zfil (Cy (ti_l)AS,-h). According to the formula (35), and con-
sidering that T time is very short, the inertial navigation error states v", ¢", 8, and Sag can be approximated as
constants, the measurement equation of navigation is further summarized as:

Z=HX+YV
KT><I3><3
K b
— ClH(ti_1)AS; 0
H) = 1:21( b (ti—1)AS;) X 036

- é (Cl(ti—)MP) (37)

K
V== Citi_owa
i=1

According to the above state equation and measurement equation, the Kalman filter algorithm is used to
continuously modify the position and attitude of the inspection robot, so as to realize the accurate positioning
of the inspection robot in the tunnel.

Verification and application
As shown in Fig. 5, the tunnel inspection robot has two modes, i.e. sailing and inspection. The real tunnel
inspection robot used in this test is shown in Fig. 6. It is equipped with driverless controller, 4G module, motor
controller, brake, inertial sensor and odometer. The experimental site is Dalian factory. It mainly carries out two
aspects of testing, one is to verify the speed planning and speed following strategy, and the other is to verify the
accuracy of the fusion positioning of inertial sensor and odometer. The scanline camera module can acquire
tunnel structure surface image and identify structure defects. The laser scanner module acquire tunnel outline
information and detect deformation and invasion.

The speed planning and tracking algorithms of the tunnel inspection robot as well as the multi-sensor fusion
localization algorithms are tested on the actual track line.

Case 1: In order to verify the effect of speed planning and speed tracking algorithm, the test was carried
out on the 1.5 km railway test line. Firstly, the speed planning algorithm is used to plan the motion process of
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Figure 6. Tunnel inspection robot.

acceleration, uniform speed and braking. The displacement target is set to be 1 km and the limit speed is 60 km/h.
The two-wa Doppler radar (speed measurement range 0-120 km/h, accuracy 0.05%) is used to monitor the
running speed of the robot. The time, speed, expected acceleration, jerk and other physical quantities during
the test are recorded The PID algorithm and MPC algorithm are respectively used for speed tracking control.
Repeat 50 times.

It can be seen from Table 1, Figs. 7 and 8, the overshoot error of the proposed algorithm is 0.89%, the stabil-
ity error is 0.32%, and the change amount of the control quantity is reduced at the same time. It is verified that
compared with the traditional PID algorithm, the MPC speed tracking algorithm can reduce the overshoot, the
control error and the change rate of the control output, thus improving the speed following accuracy and stability.

Case 2: In order to verify the advantages of the positioning fusion algorithm, the experiment was carried
out on a 2 km railway test loop. The running speed of the vehicle is 40 km/h, and the actual running distance is
based on the 100-m scale (According to the railway construction specifications and the field survey confirmation,
the positioning accuracy of 100-m scale is within 0.01 m). When each 100-m mark was reached, the distance
recorded by the odometer and the distance calculated by the algorithm in this paper were respectively recorded.
The test was repeated 50 times, and the maximum error and average error were compared.

Error of overshoot (%) 42% | 0.89%
Steady state error (%) 0.8% |0.32%
Jerk (m/s) 0.6 0.2

Table 1. Results analysis table of PID and the speed tracking algorithm in this paper (average of 50 tests).
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As can be seen from Table 2, the proposed algorithm has a maximum positioning error of 0.15%, an aver-
age error of 0.08%, and a mean square error of 1.7 m within 2 km, which verifies that the multi-sensor fusion
positioning algorithm has significantly improved its accuracy compared with the single odometer positioning
algorithm, and cannot effectively make up for the position errors caused by creep and sensor errors.

The integrated parameter optimization approach was integrated into the metro tunnel structure defect inspec-
tion platform based on iS3%, as shown in Fig. 9. With the help of the cloud platform, the robot can automatically
sail and detect in the tunnel between two stations. On the other hand, the data acquired from the robot simulta-
neously transfer to backstage analysis system and a just-in-time maintenance service will be online.

Conclusions

To sum up, the motion control and positioning system of metro tunnel inspection robot can realize the remote
control and stable speed control of the robot in the metro tunnel environment through trapezoidal speed plan-
ning algorithm and MPC based speed tracking algorithm, and realize the autonomous positioning of the inspec-
tion robot in the tunnel environment through the positioning algorithm integrating inertial sensor and odometer
without adding external road signs. In the test, the stable error of velocity accuracy reaches 0.32% and the average
error of positioning accuracy reaches 0.08% which solves the localization and speed tracking problems of the
tunnel inspection robot in the complex tunnel environment. Although the positioning accuracy and stability of
the combination of inertial navigation and odometer have been improved, equipment errors still exist and will
accumulate during long-term operation. The next step is to consider using machine vision to identify tunnel
features for positioning correction to reduce the accumulated errors.

Comparison of items Single mileage calculation | Multi-sensor fusion algorithm
Maximum error of 50 tests (%) 4.213% 0.153%

Average error of 50 tests (%) 3.522% 0.079%

Mean square error of 50 tests (m) 10.647 1.677

Table 2. Analysis table of positioning test results.

Scientific Reports | (2023) 13:232 | https://doi.org/10.1038/s41598-023-27402-z nature portfolio



www.nature.com/scientificreports/

T RAR R SR T A

B

TSSO i [TET

2 meeE REGRNEASEERE

1. HEkE @

Figure 9. Application of tunnel inspection robot with the cloud platform.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
Received: 7 July 2022; Accepted: 2 January 2023
Published online: 05 January 2023
References
1. Dong, E et al. Analysis on defects of operational metro tunnels in Beijing. China Civ. Eng. J. 50(06), 104-113 (2017).
2. Koch, C,, Georgieva, K., Kasireddy, V., Akinci, B. & Fieguth, P. A review on computer vision based defect detection and condition
assessment of concrete and asphalt civil infrastructure. Adv. Eng. Inform. 29(2), 196-210 (2015).
3. Rea, P. & Ottaviano, E. Design and development of an Inspection Robotic System for indoor applications. Robot. Comput. Integr.
Manuf. 49, 143-151 (2018).
4. Menendez, E., Victores, ]., Montero, R., Martinez, S. & Balaguer, C. Tunnel structural inspection and assessment using an autono-
mous robotic system. Autom. Constr. 87, 117-126 (2018).
5. Loupos, K., et al. Robotic intelligent vision and control for tunnel inspection and evaluation: The ROBINSPECT EC project. In
2014 IEEE International Symposium on Robotic and Sensors Environments (ROSE) Proceedings 7277 (2014).
6. Dong, L., Quanyuan, F. & Qilong, J. Parameter optimization of maglev PID controller based on improved PSO algorithm. J.
Southwest Jiaotong Univ. 45(3), 405-410 (2010).
7. Chen, X., Ma, Y., Hou, T. & Cai, R. Study on speed control of high-speed train based on predictive fuzzy PID control. J. Syst. Simul.
26(01), 191-196 (2014).
8. Yan, Wu. & Hongbao, S. Automatic subway train operation control based on neural network and other intelligent control methods.
J. China Railw. Soc. 03, 10-15 (2000).
9. Ji, H., Hou, Z. & Zhang, R. Adaptive iterative learning control for high-speed trains with unknown speed delays and input satura-
tions. IEEE Trans. Autom. Sci. Eng. 13(1), 260-273 (2016).
10. Cheng, R., Chen, D., Cheng, B. & Zheng, S. Intelligent driving methods based on expert knowledge and online optimization for
high-speed trains. Expert Syst. Appl. 87, 228-239 (2017).
11. Yin, J., Chen, D. & Li, L. Intelligent train operation algorithms for subway by expert system and reinforcement learning. IEEE
Trans. Intell. Transp. Syst. 15(6), 2561-2571 (2014).
12. Tsai, C. C., Hsieh, S. M. & Chen, C. T. Fuzzy longitudinal controller design and experimentation for adaptive cruise control and
stop&go. J. Intell. Robot. Syst. 59(2), 167-189 (2010).
13. Faieghi, M., Jalali, A. & Mashhadi, K. E. D. M. Robust adaptive cruise control of high speed trains. ISA Trans. 53(2), 533-541
(2014).
14. Luo, H. Y. & Xu, H. Z. Adaptive controller designed for high-speed train ATO system with nonlinear and uncertain resistance.
Appl. Mech. Mater. 300-301, 1551-1557 (2013).
15. Kong, Z. Non-singular fast terminal sliding mode control of high-speed train network system based on improved particle swarm
optimization algorithm. Symmetry 12(2), 205 (2020).
16. Khalilzadeh, M., Vaez-Zadeh, S., Rodriguez, J. & Heydari, R. Model-free predictive control of motor drives and power converters:
A review. IEEE Access 9, 105733-105747 (2021).
17. Murayama, A. & Yamakita, M. Control of variable valve lift engine by nonlinear MPC. IEE] Trans. Electron. Inf. Syst. 130(5),

828-833 (2010).

Scientific Reports | (2023) 13:232 |

https://doi.org/10.1038/s41598-023-27402-z nature portfolio



www.nature.com/scientificreports/

18. Sakai, Y., Kanai, M., & Yamakita, M. Torque demand control by nonlinear MPC with constraints for vehicles with variable valve
lift engine. In 2010 IEEE International Conference on Control Applications Control Applications (CCA) 1642-1647 (2010).

19. Zhu, M., Chen, H. & Xiong, G. A model predictive speed tracking control approach for autonomous ground vehicles. Mech Syst
Signal Process. 87(Part B), 138-152 (2017).

20. Prodan, L, Zio, E. & Stoican, F. Fault tolerant MPC design for reliable microgrid energy management under uncertainties. Energy
91, 20-34 (2015).

21. Yang, S., Wan, M. P, Chen, W, Ng, B. E. & Dubey, S. Experiment study of machine-learning-based approximate model predictive
control for energy-efficient building control. Appl. Energy 288, 116648 (2021).

22. Wang, B, Shahzad, M., Zhu, X., Rehman, K. U. & Uddin, S. A non-linear model predictive control based on grey-wolf optimiza-
tion using least-square support vector machine for product concentration control in L-lysine fermentation. Sensors 20(3335), 17
(2020).

23. Nezhadshahbodaghi, M., Mosavi, M. R. & Hajialinajar, M. T. Fusing denoised stereo visual odometry, INS and GPS measurements
for autonomous navigation in a tightly coupled approach. GPS Solut. 25(2), 1-18 (2021).

24. Nezhadshahbodaghi, M. & Mosavi, M. R. A loosely-coupled EMD-denoised stereo VO/INS/GPS integration system in GNSS-
denied environments. Measurement 183(2), 109895 (2021).

25. Ge, S., Pan, F, Wang, D., & Ning, P. Research on an autonomous tunnel inspection UAV based on visual feature extraction and
multi-sensor fusion indoor navigation system. In 2021 33rd Chinese Control and Decision Conference (CCDC) 6082-6089 (2021).

26. Keizer, R., et al., Robotic camera positioning system for inspection of tunnels: A conceptual design. In 2022 IEEE International
Systems Conference (SysCon) 1-8 (2022).

27. Wisth, D., Camurri, M. & Fallon, M. VILENS: Visual, inertial, lidar, and leg odometry for all-terrain legged robots. IEEE Trans.
Robot. https://doi.org/10.1109/TRO.2022.3193788 (2022).

28. Ralston, ], Reid, D., Hargrave, C. & Hainsworth, D. Sensing for advancing mining automation capability: A review of underground
automation technology development. Int. J. Min. Sci. Technol. 24(003), 305-310 (2014).

29. Tardioli, D. et al. Ground robotics in tunnels: Keys and lessons learned after10 years of research and experiments. J. Field Robot.
36(6), 1074-1101 (2019).

30. Zhang, Z. Research on Train Location Method in Urban Rail Traffic (Beijing Jiaotong University, 2008).

31. Wang, L. Research on Subway Train Integrated Location Technology Based on CBTC (Southwest Jiaotong University, 2014).

32. Yan, J., Zhao, X., Gong, J., Xiong, G. & Chen, H. System design of self-driving in simplified urban environments. . Mech. Eng.
48(20), 103-112 (2012).

33. Zhang, Z. Vehicular Adaptive Cruise Control on Curved Road (Tsinghua University, 2011).

34. Bei, X, Ping, X. & Gao, W. Calibration of systematic odometry errors for wheeled mobile robots. Appl. Res. Comput. 35(9),
2696-2699 (2018).

35. Wang, G. et al. Research and practice on intelligent coal mine construction (primary stage). Coal Sci. Technol. 47(08), 1-36 (2019).

36. Wu, M., Tang, X. & Huang, X. Vehicle SINS and odometer integrated navigation algorithm based on fixed distance measurement.
J. Proj. Rockets Missiles Guid. 36(5), 21-24 (2016).

37. Qin, Y., Zhang, H. & Wang, S. Kalman Filter and Integrated Navigation Principle (Northwestern Polytechnical University Press,
2012).

38. Zhu, H., Li, X. & Lin, X. Infrastructure smart service system (iS3) and its application. China Civ. Eng. J. 51(01), 1-12 (2018).

Author contributions

All authors contributed to the study conception and design. Material preparation, data collection and analysis
were performed by K.L., K.Z. and Y.S. The first draft of the manuscript was written by K.L., S.Z. and all authors
commented on previous versions of the manuscript. All authors read and approved the final manuscript. We
would like to submit the enclosed manuscript entitled “Motion control and positioning system of multi-sensor
tunnel defect inspection robot from methodology to application”, which we wish to be considered for publica-
tion in “Scientific Reports”.

Funding
This work was supported by the National Key Research and Development Program of China (2018YFB2101004).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.-Q.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:232 | https://doi.org/10.1038/s41598-023-27402-z nature portfolio


https://doi.org/10.1109/TRO.2022.3193788
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Motion control and positioning system of multi-sensor tunnel defect inspection robot: from methodology to application
	Discussions
	Ethics approval. 
	Consent to participate. 

	System scheme design
	System structure. 
	Velocity curve programming algorithm. 
	Speed tracking control algorithm based on MPC. 
	Kinematics model. 
	Cost and constraint functions. 
	MPC optimization model. 

	Positioning algorithm of "INS + Odometer" fusion. 
	INS output model. 
	Odometer output model. 
	Kalman system model. 


	Verification and application
	Conclusions
	References


