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Abstract
The control of dynamic spatial posture for cantilever roadheader is one of the vital problems for intelligent mining,
which directly affect the forming quality of cutting tunnel. Therefore, this paper proposed an intelligent optimal
combination compensation strategy to adjust the real-time dynamic posture of cantilever roadheader. First, based
on the topological structure analysis of cantilever roadheader, the structural loop compensation model for spatial
posture deviation was established. Afterward, the principal component analysis (PCA) and multi-objective parti-
cle swarm optimization (MPSO) algorithm were applied to improve the analysis speed and accuracy of posture
deviation. Finally, parallel dynamic cooperative optimization (PDCO) strategy was combined to achieve the accu-
rate adjusting of posture deviation. The actual experimental and application results indicate that the intelligent
optimal combination compensation strategy proposed in the paper can significantly improve the accuracy of the
cutting tunnel. The intelligent optimal compensation strategy proposed in this paper transforms the transient spa-
tial posture deviation into structural loop compensation, and implements by parallel cooperative strategy, finally to
realize the fast analysis and efficient implementation of spatial dynamic posture deviation for cantilever roadheader
during cutting process. The work of this paper provides an effective reference for intelligent deep and remote under-
ground mining, and it can also be applied to effective control of dynamic spatial posture for intelligent engineering
machinery products.

1. Introduction

Up till now, the deep, long-distance, and large-span tunnel cutting is the leading-edge technology of
the international tunnel field, which also becomes a technological difficulty for intelligent, efficient, and
safe coal mining all over the world. According to the relevant statistics, more than 40% of mines with
mining depths over 1 km are extending deeper at a speed of 8–12m per year [1]. With the increase
of mining depth, the coal seam composition, coal seam fault, and other complex nonstructural cutting
environments, along with complex dynamic cutting load and inertia structural factors, etc., the further
deterioration of underground environment leads to the roadheader deviate from ideal cutting path easily,
and then directly affects the subsequent mining, transportation, and other productions, thereby directly
restricts the progress of precise intelligent unmanned mining. Therefore, the efficient researches on coal
mining technology should be carried out, to ensure the accurate trajectory of cutting tunnel.

Improving the real-time cutting posture accuracy of cantilever roadheader becomes a vital prob-
lem for the development of intelligent underground mining. However, due to the real-time posture
of cantilever roadheader is quite difficult to measure and control directly, the scholars have carried

© The Author(s), 2021. Published by Cambridge University Press.

https://doi.org/10.1017/S0263574721000692 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574721000692
https://orcid.org/0000-0002-7092-9646
mailto:63239158@qq.com
https://doi.org/10.1017/S0263574721000692


584 Lixia Fang et al.

Z

Front shade hydraulic
loop POC3

Rear support
hydraulic

loop POC1

Lifting hydraulic
loop POC6Body

O

Horizontal rotation
hydraulic loop POC5

Y

Figure 1. Topology structure of cantilever roadheader.

out relevant researches on this problem. Reference [2] established a mathematical model between
mechanism parameters of roadheader and tunnel cross section, so as to lay a foundation for the studying
of spatial posture of roadheader. Reference [3] classified the path planning problem of roadheader under
unstructured environment as a general network problem, proposed the least cost modeling method, and
then used genetic particle swarm optimization algorithm to optimize the path target point set, so as to
provide basis for posture correction research of roadheader. In ref. [4], the parameters of cutting head
are optimized according to the related rock strength, in order to obtain accurate tunnel cutting section.
Based on the trajectory correction model of robot system, ref. [5] proposed an integral controller to
compensate for the spatial posture of robot. Reference [6] divided the complex and closed tunnel spatial
environment into regional grids and established motion model of roadheader in these grids, and then
combined PID and neural network algorithm to realize the self-correction of roadheader. Reference [7]
applied the genetic and mutation particle swarm optimization algorithm to optimize path target point set,
so as to effectively improve the posture planning ability of roadheader. Reference [8] deduced the math-
ematical models of spatial posture for cantilever roadheader, and therefore provided an implementable
foundation for adjusting dynamic posture. Reference [9] used different control methods (PSO and PID)
to adjust the pitch angle deviation of roadheader.

Although the above researchers analyzed and provided effective methods to adjust spatial posture
deviation. Nevertheless, because of the ignorance of comprehensive analysis on generation and effec-
tive engineering implementation of spatial posture deviation, the control and implement effects of spatial
posture deviation have been greatly weakened. Therefore, based on the topology structure analysis of
cantilever roadheader, this paper proposes a new method of compensating spatial dynamic posture devia-
tion of roadheader by adjusting the driven parameters of structural loops. In addition, if directly applying
conventional particle swarm optimization (PSO) algorithm to analyze the spatial posture deviation, there
will be many disadvantages such as large amount of computation, complex solving process, and low
efficiency. So, this paper proposes the principal component analysis (PCA) and multi-objective parti-
cle swarm optimization (MPSO) method to improve the analysis speed and accuracy of spatial posture
deviation. Furthermore, the parallel dynamic collaborative (PDCO) servo control strategy is combined
to precisely implement the posture deviation compensation for roadheader. Finally, the fast analysis and
efficient implementation of spatial dynamic posture deviation for roadheader can be realized.

2. Optimal structural loop compensation model of spatial posture deviation

2.1. Spatial posture deviation

The posture deviation model is the key point to analyze spatial posture deviation for cantilever road-
header, so the EBZ-160 cantilever roadheader is chosen as a research body, and its topological structure
diagram is shown in Fig. 1.

As shown in Fig. 1, the cantilever roadheader is composed of five parallel input hydraulic control
loops (rear support hydraulic loop POC1, front shade hydraulic loop POC2, rear support front shade
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hydraulic loop POC3, front shade-rear support hydraulic loop POC4, and cutting arm horizontal rotation
hydraulic loop POC5) and a series hydraulic loop (cutting arm lifting hydraulic loop POC6), the spa-
tial trajectory of cutting head is the terminal output for cantilever roadheader. Obviously, the cantilever
roadheader belongs to a typical complex engineer mechanical product with spatial multiparameter input
and multiparameter output. Due to the complex cutting conditions, it is impossible to obtain the accu-
rate dynamic motion trajectory of cutting head through direct measuring method, but according to the
forward solution of mechanism, the accurate cutting trajectory of cutting head can be obtained through
conversion the spatial posture of fuselage [10].

Assuming the spatial posture of fuselage for cantilever roadheader is W.

W = [A, L, H, α, β, γ ]T ∈ R6×1 (1)

where A ,L, H are the moving displacement of cantilever roadheader relative to the calibrated base point
of tunnel (O-XYZ) in X, Y, Z directions, respectively, (mm). α, β, γ is the angular displacement of
cantilever roadheader along X, Y, Z directions, respectively, (◦). R is the spatial physical domain.

Then, the corresponding spatial posture deviation δW of cantilever roadheader can be expressed as
follows:

δW = [
δA, δL, δH , δα , δβ , δγ

]T ∈ R6×1 (2)

where [δA, δL, δH ]T are the displacement deviations (horizontal deviation, headway deviation, and top
distance deviation) of cantilever roadheader.

[
δα , δβ , δγ

]T are the angle deviations (horizontal deviation,
pitch angle deviation, and roll angle deviation [11]).

The classification and existence types of spatial posture deviation δW are listed in Table I.
Because the spatial posture of roadheader changes randomly during the actual cutting process, as

shown in Table I, there are 63 types of spatial posture deviations of cantilever roadheader, and it is
hard to obtain the accurate dynamic spatial posture of roadheader by direct measurement method. So,
the structural loop compensation strategy is introduced to achieve the real-time and accurate control of
spatial posture deviation.

2.2. Structural loop compensation model

Assuming that all the components of cantilever roadheader are ideal rigid bodies, and ignoring the
deviation introduced by internal structural parameters, the spatial posture deviation is caused by dynamic
loads, which becomes the main deviation for cantilever roadheader.

According to the topological relationship of spatial mechanism, the vector relationship in each closed
structural loop is [12, 13]

liui =
∑

Tai − bi (3)

where li represents the closed-loop i in mechanism (i=1,2,3. . . . . .n). ai represents the connection vector
of each hydraulic loop. bi represents the connection vector of each hydraulic loop in cantilever road-
header relative to tunnel bottom vector. T is the posture transformation matrix. ui represents the radial
direction vector from ai to bi.

The compensation model of spatial posture deviation can be obtained by taking integral operation on
both sides of Eq. (3).

δW = J−1
p .�li − J−1

p .Jc.�δ (4)

where Jp is the Jacobian vector matrix: Jp =
⎛
⎜⎝

uT
1 (Ta1 × u1)T

. . .

uT
m (Ta6 × u6)T

⎞
⎟⎠ ∈ R6×6.

�lirepresents the adjustment of driving hydraulic loop (mm) (i = 1, 2....6).
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Table I. Spatial posture deviation δW of cantilever roadheader.

Deviation type Deviation form Deviation items

Single deviation
(6 types)

Positional
deviation

δA
δL
δH

Angle deviation δα

δβ

δγ

Compound
deviation (57
types)

Two-component
deviation

δα+δβ ,δα+δγ ,δα+δA,δα+δL,δα+δH ,δβ + δγ ,δβ +
δA,δβ + δL,δβ + δH ,δγ + δA,δγ + δL,δγ + δH ,δA +
δH ,δA + δL,δH + δL

Three-component
deviation

δα+δβ+δγ ,δα+δβ + δA,δα+δβ + δL,δα+δβ +
δH ,δα+δγ + δH ,δα+δγ + δL,δα+δγ + δA,δα+δA +
δL,δα+δH + δL,δα+δA + δH ,δβ+δγ + δA,δβ+δγ +
δL,δβ+δγ + δH ,δβ+δA + δL,δβ+δH + δL,δβ+δH +
δA,δγ +δA + δL,δγ +δH + δL,δγ +δH + δA,δL+δH + δA

Four-component
deviation

δα+δβ + δγ + δA
,δα+δβ + δγ + δL,δα+δβ + δγ + δH ,δα+δβ + δA +
δH ,δα+δβ + δL + δH ,δα+δβ + δA + δL,δα+δγ + δA +
δL,δα+δγ + δA + δH ,δα+δγ + δL + δH ,δα+δA + δL +
δH ,δβ + δγ + δA + δL,δβ + δγ + δA + δH ,δβ + δγ +
δL + δH ,δβ + δA + δL + δH ,δγ + δA + δL + δH

Five-compound
deviation

δα+δβ + δγ + δA + δL,δα+δβ + δγ + δA + δH ,δα+δβ +
δγ + δL + δH ,δα + δγ + δA + δL + δH ,δα + δβ + δA +
δL + δH ,δβ + δγ + δA + δL + δH

Total deviation δα + δβ + δγ + δA + δL + δH

Jcis the length direction vector of driving hydraulic loop:

JC =

⎛
⎜⎜⎝

uT
1 RM −uT

1 · · · 0 0
...

...
. . .

...
...

0 0 · · · uT
6 RM 1uT

1

⎞
⎟⎟⎠ ∈ R6×6

�δis the corresponding adjustment deviation of hydraulic loop, for �δ cannot be measured directly,
so the structural deviation of hydraulic loops can be converted into the adjustment of driven hydraulic
loops which can be easily measured and controlled.

Assuming�l′i = Jc.�δ, then Eq. (4) can be simplified as follows:

δw = J−1
p · (� li − Jc·� δ) = J−1

p · (� li−� l
′
i) (5)

According to Eq. (5), the spatial posture deviation can be compensated by adjusting the length of driving
hydraulic cylinders �li in each corresponding structural loop, which can be easily measured by the inner
hydraulic cylinder displacement sensor. Table II summarizes the specific compensation strategy.

(In Table II, �lsu, �lsh, �lh, and �lv are the adjustment of front shade hydraulic loop POC1, rear
support hydraulic loop POC3, horizontal rotation hydraulic loop POC5, and lifting hydraulic loop POC6
respectively (mm).)
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Table II. Compensation strategy of structural loop for cantilever roadheader.

Deviation type Compensation strategy Deviation type Compensation strategy

±δA �lh and �lv ±δα �lh or �lv
±δL �lh or �lv ±δβ �lsh or �lsu
±δH �lsh and �lsu ±δγ �lsh or �lsu

2.3. Optimization model

The Langrange equation of dynamics system [11] for cantilever roadheader can be established as follows:

d
dt

(
∂T
∂ q̇i

)
− ∂T

∂qi
+ ∂D

∂qi
+ ∂V

∂qi
= Qi(t) (6)

where t is the working time of cantilever roadheader. qi and Qi represent the generalized velocity and
displacement of system (i=1,2,3. . . . . .n). T, V, and D are the total kinetic energy, potential energy, and
dissipation function of system, respectively.

Then, based on the above analysis, the optimization model of cantilever roadheader can be constructed
from kinetic energy function, potential energy function, and dissipation function.

min :

⎧⎪⎪⎨
⎪⎪⎩

∑
δw = ∑

Yi(α, β, γ , A, L, H) − ∑
Ŷi(α, β, γ , A, L, H)∑

t = t1 + t2 + t3 + t4 + t5 + t6∑
Q = Q1 + Q2 + Q3 + Q4 + Q5 + Q6

(7)

Constraints: s.t.

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Y1(l1) ∈ [0, 112]

Y2(l2) ∈ [0, 230]

Y5(l5) ∈ [0, 650]

Y6(l6) ∈ [0, 600]

In the optimization model, Yi(α, β, γ , A, L, H) and Ŷi(α, β, γ , A, L, H) are the actual spatial posture and
ideal spatial posture of cantilever roadheader, respectively.

∑
t are the total effective working time(s).

tirepresent the working time of each hydraulic loop (s).
∑

Q are the total hydraulic controlled flow. Qi
represents the hydraulic control flow of hydraulic control loop(i = 1, 2, 3, 4, 5, 6).

In the constraint model, Yi(li) are the adjust displacement function of hydraulic control loop (i =
1, 2, 3, 4, 5, 6).

The optimization model (7) indicates that to achieve the optimal design of overall system for can-
tilever roadheader, not only the structural conditions of roadheader must be satisfied. Meanwhile, the
control of output posture should also be considered synchronous.

3. Intelligent optimal combined compensation strategy

3.1. PCA and MPSO structural loop compensation strategy

3.1.1. PCA analysis of spatial posture deviation
During the actual cutting process, due to the influence of complex and unknown cutting environment,
transient cutting load, inertia state of cantilever roadheader itself and changes of trajectory tension, and
other factors, which will lead the fuselage to vibrate, sideslip, and deviate from planned cutting trajec-
tory. As shown in Table I, the variety of spatial posture deviations will greatly increase the difficulty to
analyze and control the dynamic spatial posture deviation. Therefore, the principal component analysis
(PCA) of spatial posture deviation is proposed by converting the interrelated posture deviation factors
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to linear unrelated variables through orthogonal transformation, and then the largest influential posture
deviation factors can be chosen to reflect overall spatial posture deviation of fuselage.

The linear regression model of principal component [14] for spatial posture deviation is⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

δW1 = μ11δA + μ12δL + μ13δH + μ14δα + μ15δβ + μ16δγ

W2 = μ21δA + μ22δL + μ23δH + μ24δα + μ25δβ + μ26δγ

......

Wn = μn1δA + μn2δL + μn3δH + μn4δα + μn5δβ + μn6δγ

(8)

where δWi represents the transient spatial posture deviation components of fuselage. uijrepresents the
decision coefficient.

On the premise of keeping the principle information of each spatial posture deviation element of
fuselage unchanged, the covariance matrix of fuselage posture deviation components is standardized.
Then, according to the value of covariance, each deviation component can be listed in order, the first
principal component (δW1), the second principal component (δW2), the third principal component (δW3)
. . . . . . and the pth principal component (δW p) of spatial posture deviation. According to Eq. (9), the
top three principal deviation components with an information contribution rate of more than 80% can
basically represent the characteristics of whole spatial posture deviation.

m∑
i=1

λi

p∑
j=1

λj

≥ 0.8 (9)

where p is the number of eigenvalues. λj represents the eigenvalue obtained from the correlation
coefficient matrix of standardized matrix sample (λ1 ≥ λ2 ≥ λ3... ≥ λp ≥ 0).

The PCA analysis of spatial posture deviation reduces the six-dimensional spatial posture deviations
to three dimensions, so as to greatly reduce the complexity of spatial posture deviation, and provide an
effective basis for adjusting the spatial posture of whole system.

3.1.2. MPSO solution of spatial posture deviation
According to the optimization model (7), the spatial posture deviation model of cantilever roadheader
is a complex coupled model with multiparameter input (six-input drive hydraulic loops) and multipa-
rameter output (six spatial posture outputs), which belongs to a typical multi-objective function optimal
problem. Then based on the PCA analysis results, of real-time spatial posture deviation for roadheader,
the multi-objective particles swarm optimization (MPSO) method [15] is preferred to optimize compen-
sation for the top three principal spatial posture deviations, finally achieves the optimal structural loop
compensation for cantilever roadheader

The speed and position of optimal particles can be updated continuously according to Eq. (10).⎧⎨
⎩ v(k+1)

id = wv(k)
id + c1rand1

(
pBest(k)

id − x(k)
id

)
+ c2rand2

(
gBest(k)

id − x(k)
id

)
x(k+1)

id = x(k)
id + v(k+1)

id �
(10)

where d is the dimension of spatial flight particle (d= 1, 2, 3). w is the inertia weight (w is adjusted
according to the results of PCA analysis). k is the current iteration number. v(k)

id represents the dimension
component of iterative flight speed of particle i (i = 1, 2, . . . m, m is the total number of particle swarm).
c1 and c2 are the learning factor (c1 adjusts the step length of searching particle flying to the best position
of self and c2 adjusts the step length of searching particle to fly toward global best position (c1 = c2 =
0.5)).rand1and rand2 are random numbers distributed in interval [0,1].
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The nth (n ≤ N) iteration particle of structural loop compensation for global spatial posture deviation
can be selected according to Eq. (11).

X∗
id(t + 1) =

{
xid(t + 1), F(xid(t + 1)) < F(x∗

di(t))

x∗
id(t), F(xid(t + 1)) ≥ F(x∗

di(t))
(11)

The specific procedure of MPSO is as follows:

Step 1: Based on PCA analysis results of spatial posture deviation, initializing particle population P,
population size N, cycle variable i = 0, and starting position and speed of initial random particles.

Step 2: Substitute the initial conditions into optimization model (7) to calculate fitness function F(x) of
current spatial posture particles.

Step 3: Iterative increase, i=i+1, update the speed and position of variable particles according to
Eq. (10).

Step 4: Repeat Step 2–Step 4, adjust, and iterate to find the optimal structural loop compensation
parameters according to Eq. (11).

Step 5: Until reaching the termination number N, the corresponding optimal solution X∗
id(t + 1)

would be the pareto solution of multi-objective optimization function: X∗
id(t + 1) = opt.{

�lsh
⋂

�lsu
⋂

�lsu
⋂

�lsu} , which will provide real-time basis for dynamic posture deviation
compensation.

3.1.3. PCA and MPSO strategy
Based on the above analysis, we combine PCA and MPSO methods to realize the effective analysis of
optimal structural loop compensation scheme, as shown in Fig. 2.

3.2. PDCO servo control strategy

To achieve the optimal structural loop control of real-time spatial posture deviation for cantilever road-
header, it is not only necessary to collect, analyze, and feedback the real-time dynamic spatial posture
information during cutting process, but it also needs to efficiently implement the optimal structural loop
compensation strategy. Because the cantilever roadheader is a complex engineer machine with multi-
disciplinary and strong coupled by mechanism, electricity, and hydraulic. Therefore, how to deal with
the coupling relationships between mechanical structural and hydraulic control reasonably becomes an
important point to obtain accurate output spatial posture of roadheader. Based on the minimum distur-
bance theory, parallel dynamic collaborative optimal (PDCO) control strategy is proposed in this paper,
by combining with the results of PCA and MPSO, the controlling of spatial X/Z direction posture devia-
tion, which directly affects the quality of cutting cross section is chosen as the main (external) feedback
loop, while the Y direction posture deviation, which has less impact on quality of tunnel cross section is
chosen as auxiliary (internal) feedback loop, so as to weaken the strong coupled relations of structural
system, control system and implementation system [16]. Finally, the optimal efficient spatial posture
control and implementation of the overall system can be realized. The principle of the PDCO strategy
is shown in Fig. 3.

According to the optimization model (7) of cantilever roadheader, the PDCO optimal control model
of whole system can be derived as

min .
∑

Q =
∑ ⎛

⎜⎝[
LδW1 LδW2 LδW3

] ⎡
⎢⎣

Q
δW1

QδW2

QδW3

⎤
⎥⎦

⎞
⎟⎠ (12)
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Figure 2. PCA and MPSO analysis strategy of spatial posture deviation.
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Figure 3. PDCO control of spatial posture deviation for cantilever roadheader.

where
∑

Q refers to the adjustment of overall hydraulic system. [ LδW1 LδW2 LδW3 ] represents the optimal
structural loop compensation solution obtained by MPSO for principle spatial posture deviation com-
ponent of roadheader.

[
QδW1

QδW2
Qδ3

]T represents the hydraulic compensation control flow of each
according to the spatial posture deviation for roadheader .
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Figure 4. Control system of cantilever roadheader.

Considering the parallel topology pattern between rear support hydraulic loop POC1 and front shade
hydraulic loop POC3, the series topology pattern of horizontal rotation hydraulic loop POC5 and lifting
hydraulic loop POC6 of cutting arm, then the optimal spatial posture deviation control model of overall
system can also be expressed as follows:∑

Q =
∣∣∣∣
∑

Qsh + ∑
Qsu∑

Qsh × ∑
Qsu

∣∣∣∣ +
∣∣∣∑ Qh

∣∣∣ +
∣∣∣∑ Qv

∣∣∣ (13)

where
∑

Qsh,
∑

Qsu,
∑

Qh,
∑

Qv are the adjusting flow of corresponding hydraulic loops of POC1,
POC3, POC5, and POC6, respectively (L).

Under the premise that all the constraints of the whole system are satisfied, the optimal structural loop
compensation for optimal posture deviation, which is analyzed by PCA and MPSO strategy are intro-
duced into PDCO optimal controlling models (12) or (13), finally the high-efficient parallel cooperative
optimal control of spatial posture deviation for roadheader can be realized.

3.3. Control system of intelligent optimal combined compensation strategy

In order to improve the real-time controlling accuracy of spatial posture deviation for cantilever road-
header, the software adopts an intelligent combined compensation strategy (PCA and MPSO analyzing
and PDCO controlling), and the hardware adopts EPEC (EPEC controller can keep working reliably
and safely under high vibration frequency, wet tide, and other harsh environments with explosion-proof
requirements [17]) and CAN bus control system, which can effectively avoid the disadvantages of con-
ventional PLC control system with low protection level, poor vibration resistance, and complex structure
layout [18]. The implementation system of intelligent optimal combined compensation strategy is shown
in Fig. 4 (the control system of the second operation, cutting motor, and oil pump motor are omitted
here).

4. The experiment

4.1. Experimental equipment

Still taking EBZ160 cantilevered roadheader as experimental basement, the intelligent operator devel-
oped by Chongqing AnKe Co., Ltd. is shown in Fig. 5 (a) and EPEC remote controller is shown in
Fig. 5 (b).
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Intelligent operator of cantilever
roadheader 

EPEC remote controller(a) (b)

Figure 5. Experimental equipment. (a) Intelligent operator of cantilever roadheader. (b) EPEC remote
controller.

4.2. Experimental process

The closed cutting tunnel environment is simulated, and the intelligent optimal combined compensa-
tion strategy is adopted, to carry out the comprehensive spatial dynamic posture deviation adjustment
experiment of cantilever roadheader (we take the transient posture information feedback by detection
device at the cutting depth D = 0.5m as an example to introduce the specific implementation process of
intelligent optimal combination compensation strategy):

(1) Measurement and analysis of spatial posture deviation
The center of fuselage turntable and starting position of tunnel are calibrated, and then the instanta-

neous posture information of fuselage can be collected and fed back [19] (the pulse frequency is 100 ms),
so the current transient spatial posture information of fuselage can be obtained as

X̄ = 1
n

n∑
i=0

xi = 59.52mm, Ȳ = 1
n

n∑
i=0

yi = −3874.32mm, Z̄ = 1
n

n∑
i=0

zi = 1330.15mm

(n is the number of measurement)
According to the forward solution of mechanism, the actual instantaneous spatial posture of cutting

head can be deduced as

X = X̄[T ]x = −1556.018mm, Y = Ȳ [T ]y = 94.65mm, Z = Z̄[T ]z = 1825.332mm

(where [T ]x,[T ]y, and [T ]z are the transformation matrix in X,Y, and Z directions.)
Compared to the ideal theoretical cross-section posture of cutting head: X̂ = −1538mm, Ŷ =

100mm, Ẑ = 1820mm, the transient spatial posture deviation[δW ]of fuselage can be calculated.
(2) PCA analysis of spatial posture deviation
The instantaneous spatial posture deviation data [δW ] are standardized, then the correlation coeffi-

cient matrix of each deviation factor can be established, and the matrix are substituted into PCA linear
regression model (8). The principal component results of instantaneous spatial posture deviation are
listed in Table III.

As shown in Table III, the largest contribution rate of posture deviation component δW1 is 42.27%,
and the main posture deviation variables are δβ ,δγ , and δA, with the decision coefficients are 0.6065,
0.5785 and 0.5001, respectively. The second contribution rate of posture deviation component δW2 is
30.21%, the main posture deviation variables are δβ ,δγ , and δH , the decision coefficients are 0.5508,
0.4784, and 0.1338 respectively. And the third contribution rate of posture deviation component δW3 is
20.43%, the main posture deviation variables are δβ , δA, and δH , the decision coefficients are 0.5948,
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Table III. PCA analysis results of transient spatial posture deviation.

Contribution rate
of spatial
deviation

linear regression model component

δW1 = −0.5001δA + 0.0741δL + 0.0526δH+0.1977δα + 0.6065δβ − 0.5785δγ 42.27
δW2= − 0.3907δA + 0.5508δL + 0.4784δH − 0.5292 δα − 0.1309δβ + 0.1338δγ 30.21
δW3 = −0.2672δA + 0.5948 δL − 0.5808δH+0.3871 δα − 0.1048δβ + 0.2768δγ 20.43
δW4 = −0.0246δA + 0.0434δL + 0.6444δH+0.7273 δα − 0.1731δβ + 0.1525δγ 5.21
δW5 = −0.1630 δA − 0.2342δL + 0.0479δH − 0.0440 δα + 0.6082 δβ + 0.7379δγ 1.36
δW6 = 0.7061δA + 0.5297δL + 0.1157δH+0.0088δα + 0.4519δβ − 0.0553δγ 0.5203

Table IV. Structural loop compensation for spatial posture deviation.

Deviation
Element Compensation scheme for structural loop

δβ Adjusting the front shade hydraulic cylinder to push out�lsh= 19.86mm
or adjusting rear support hydraulic cylinder to retract �lsu = 15.93mm

δγ Adjusting the front shade hydraulic cylinder to retract�lsh= 40.12mm
or adjusting rear support hydraulic cylinder to push out �lsu = 9.26mm

δA Adjusting the swing hydraulic cylinder to retract counterclockwise �lh= 60.67mm
and synchronous adjusting the lifting hydraulic cylinder to push out �lv= 8.72mm

0.3871, and 0.2768, respectively. Therefore, we can conclude that the most influential transient deviation
variable of overall spatial posture deviation are δβ ,δγ , and δA.

The cumulative contribution rate of the first three posture deviation principal components
(δW1 ,δW2 ,δW3 ) is up to 92.91%. So, the analysis and calculation of instantaneous spatial posture deviation
for roadheader can be adopted according to these three deviation components.

(3) MPSO optimization
Combining with the implementation method of spatial posture deviation compensation strategy pro-

vided in Table II, and then substituting into structural loop compensation Eq. (4) (associating with the
mathematical models of spatial posture deviation built in Ref. [10]), the structural loop compensation
results of transient spatial posture deviation for roadheader can be solved in Table IV.

Taking the principal spatial posture deviation components (δβ , δγ , δA) of structural loop compensation
solution calculated in Table IV as initial particle, and continuously updating the iterative optimization
according to Eqs. (10) and (11), and finally output the optimal particle results (�l∗δi) for multi-objective
optimization model:

Configuration parameter of
structural loop

�l∗δsh
�l∗δsu �l∗δv �l∗δh

Optimal structural loop
compensation (mm)

9.579 7.9178 60.67 8.72

The MPSO optimal solution of structural loop compensation for transient spatial posture deviation
will provide the basis for implementing precise cutting.

(4) Implementation of PDCO control
Substituting the optimal posture deviation compensation results of PCA and MPSO into PDCO

control model (11).
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Figure 6. Implementation effect of combined compensation strategy (cutting depth 0.5 m).

Figure 7. Comparison between intelligent combination compensation strategy and conventional PSO
strategy (the tunnel cross section with cutting depth 0.5 m).

(5) Iterative Step (1)–Step (4), until the whole cutting of cross section with 0.5 m depth are completed
as shown in Fig. 6.

To verify the implementation effect of intelligent combination strategy, the conventional PSO control
strategy [8] is applied to adjust the spatial posture deviation as shown in Fig. 7.

As shown in Fig. 7, the intelligent combination compensation strategy owned a superior cross section
than the conventional PSO control strategy, especially at the corner position.
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Table V. RMSE results.

Controlling strategy

Cutting depth (0.5m) Intelligent optimal combined
compensation control strategy

Conventional PSO
control strategy

RMSE value 0.9536 0.9128

Figure 8. Implement the effect of combined compensation strategy (cutting depth 1.2 m).

The root mean squared error (RMSE) of posture regression system is used to compare the con-
trol effect of intelligent optimal combination compensation strategy and conventional PSO controlling
strategy.

δWRMSE =
n∑

i=0

√( ¯̂Wi − W̄i

)2
/

n (14)

where ¯̂Wi represents the mean theoretical posture of cross section, W̄i represents the mean actual posture
of cross section after controlling, n is the number of measurements.

The comparison results of RMSE are shown in Table V.
From the results in Table V, the RMSE value of intelligent optimal combined compensation strategy

is more close to 1 than the conventional PSO strategy, which means that the former has a superior effect
than the latter in adjusting the spatial posture of roadheader.

(6) In the same way, the intelligent optimal combined compensation control strategy is continuously
applied during the subsequent cutting process, until the final cutting demand has been reached. The
factual implement results are shown in Fig. 8 (cutting depth 1.2 m).

4.3. Analysis of experimental results

To qualitatively analyze the real-time control effect of combined compensation strategy of spatial posture
deviation for cantilever roadheader, we measured the final cutting tunnel and used MATLAB to construct
the spatial model of actual cutting tunnel, and compared it with theoretical planning cutting tunnel, as
shown in Fig. 9.

As shown in Fig. 9, there are small posture deviations between actual cutting tunnel cross section and
theoretical planning tunnel cross section after applying the intelligent optimal combined compensation
strategy.
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Figure 9. Analysis model of cutting tunnel.

Here, the spatial posture similarity S is introduced to describe the coincidence between actual
simulated posture of cutting tunnel (Ws) and theoretical posture of cutting tunnel (Ŵt).

S=

L∑
L=0

W̄S

L∑
L=0

¯̂Wt

(15)

where L is the total length of cutting tunnel cross section (mm).
The value of similarity S is

S=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1 W̄S ∼= ¯̂W
L∑

L=0
W̄S

L∑
L=0

¯̂Wt

W̄S 	= ¯̂W
(16)

When the cross section trajectories coincide with each other, the coincidence similarity is S = 1. When
the two do not coincide with each other, the value of S is between 0 and 1.

According to the experimental data and simulation results of PID controlling strategy [8], the spatial
posture similarity results are listed as follows:

Spatial posture direction Similarity of Intelligent opti-
mal combined compensation
strategy

Similarity of PID control
strategy

Cutting width direction
(X direction)

Sx=
∑

W̄Sx∑ ¯̂Wtx
= 39.2534

43.9420 = 0.8933 Sx=
∑

W̄Sx∑ ¯̂Wtx
= 36.7116

43.9420 = 0.8354

Cutting height direction
(Z direction)

Sx=
∑

W̄Sz∑ ¯̂Wtx
= 1095.35

1188.4 = 0.9217 Sx=
∑

W̄Sz∑ ¯̂Wtx
= 1022.18

1188.4 = 0.8601
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The similarity results show that the similarity in Z direction and X direction is 0.9217 and 0.8933,
respectively, which is obviously higher than that of the PID control strategy. It can be seen that the
intelligent optimal combined compensation strategy proposed in this paper can effectively improve the
forming quality of cross section for cantilever roadheader.

5. Conclusion

(1) Based on the structural compensation model of spatial posture deviation, the PCA method was
proposed to analyze the spatial posture information, and then MPSO method was applied to quickly
obtain the optimal structural loop compensation for transient spatial posture deviation of cantilever
roadheader.

(2) An efficient PDCO control strategy for a complex control system of cantilever roadheader was pro-
posed by constructing a double-layer feedback servo parallel dynamic cooperative control loop to
effectively implement the structural loop compensation for spatial posture deviation of cantilever
roadheader.

(3) The intelligent optimal combined spatial posture deviation compensation strategy was proposed
by combining the PCA and MPSO analysis of structural loop compensation and PDCO control
implementation to realize the fast analysis and efficient control of real-time spatial dynamic posture
for cantilever roadheader during cutting process, and finally achieve accurate trajectory of cutting
tunnel.

The intelligent optimal compensation strategy proposed in this paper has high practical application value
for the realization of precise unmanned cutting for cantilever roadheader, and is also suitable for the
dynamic spatial posture control for the same kind of intelligent engineering machinery products.
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