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ABSTRACT A composite sliding mode control based on the load characteristic of the permanent magnet
direct-driven system is presented for amining scraper conveyor. First, themathematical model of a permanent
magnet synchronous motor is established based on the coordinate transformation theory. Subsequently, the
soft switching sliding mode observer (SS-SMO) is designed to observe the change of load torque in real time.
The composite sliding mode speed controller of PMSM is designed on the basis of non-singular terminal
sliding mode control, in which the observed load torque is used for feed-forward compensation. The chain
characteristics of a scraper conveyor are described by the Kelvin-Vogit model, and the dynamic model of
the overall scraper conveyor system is established with the distinct element method. Next, according to
the coupling relationship between the permanent magnet direct-driven system and the scraper conveyor,
the electromechanical coupling simulation model is established using the MATLAB/Simulink module. The
simulation results demonstrate that the composite sliding mode controller of the permanent magnet direct-
driven system can achieve smooth starting of the scraper conveyor, and the effectiveness of the designed
controller is illustrated by comparing the controller with the related reference. In addition, the designed
SS-SMO can estimate the load torque precisely, enhance system robustness and suppress the chattering of
the control system caused by the load change.

INDEX TERMS Composite sliding mode control, PMSM, scraper conveyor, electromechanical coupling,
load characteristic.

I. INTRODUCTION
The scraper conveyor is an important part of coal mining
equipment, and its performance directly impacts the safety
and efficiency of the entire mechanized working face [1].
The conveyor’s composition is shown in Figure 1. A scraper
conveyor will face various working conditions, such as rib
spalling, abnormal load and blocked chain, and these condi-
tions often lead to frequent overload and unplanned downtime
due to the spontaneous complete drive failure. Additionally,
the polygonal sprocket wheel, fluctuates dramatically and
bending of the scraper chain will have severe impact on the
scraper conveyor during runtime [2]. Thus, it can be seen that
the scraper conveyor works in complex and poor working
environment, and the traditional transmission mode adopting
motor-reductor structure can easily experience failure [3].

With the continuous development of Field Oriented Con-
trol (FOC) and Direct Torque Control (DTC), the permanent

FIGURE 1. Mining scraper conveyor.

magnet synchronous motor (PMSM) is widely used
in the traditional transmission system which uses an
AC induction motor, as in wind power generation [4],
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equipment manufacturing [5], electric cars [6], marine
propulsion [7], and so on. The concept of ‘‘permanent magnet
direct-drive’’ has been developed over several years in related
industries, but it is a relatively new topic in the coal mine
production industry. A PMSM direct drive is adopted for a
scraper conveyor, such that the reducer, and soft start device
can be eliminated and ‘‘near zero transmission’’ is realized.
Therefore, the advanced transmission mode of a scraper
conveyor can effectively reduce the fault rate and improve
the operating efficiency [8]. However, due to the complex
and poor working environment, there is still a bottleneck for
the application of PMSM in the scraper conveyor. Because
the PMSM is connected directly to the scraper conveyor,
the load characteristics will affect the stability of the speed
control of the PMSM. Many scholars have proposed various
methods to improve the control performances in systems with
load disturbances and uncertainties. Baik et al. [9] proposed
a non-linear controller using a feedback linearization tech-
nique and a boundary layer integral SMC technique. In the
literature [10], the fuzzy sliding-mode approach was applied
to a six-phase induction machine. A linear active disturbance
rejection controller is applied for sensorless control of PMSM
and the phase delay and speed chattering was clearly
reduced [11]. Sira-Ramírez et al. [12] presented an active
disturbance rejection control scheme for the angular velocity
trajectory tracking task on a substantially perturbed and
uncertain of PMSM.

Another efficient way of improving the disturbance rejec-
tion performance of a system in such cases is to introduce a
feed forward compensation part into the controller in addition
to the conventional anti-perturbation controller. Thus, the
composite control method was applied to design the speed
controller. A novel nonlinear speed control was proposed
to improve the stability of the controller using the sliding
mode control and disturbance compensation techniques [13].
Yang et al. developed a sliding-mode control (SMC)
approach for systems with mismatched uncertainties via a
non-linear disturbance observer (DOB) [14]. Wu et al. pre-
sented a linear active disturbance rejection controller for non-
circular machining application, which is designed through an
extended state observer to estimate and compensate the vari-
ant dynamics of the system, nonlinearly variable cutting load,
and other uncertainties. In the literature [15], an extended
sliding-mode observer of the load torque was proposed, of
which the state variables were speed and load torque, in order
to decrease the influence of the varying load torque in a
PMSM control system.

In this paper, considering the abovementioned problem,
the speed controller of the permanent magnet direct-driven
system is addressed. First, an efficient disturbance estima-
tion technique, namely, sliding mode observer, is introduced
to estimate the disturbances load of the permanent mag-
net direct-driven system. To alleviate the chattering prob-
lem in the conventional sliding mode observer (SMO),
a soft switching sliding mode observer (SS-SMO) is pro-
posed, in which the traditional switching function is replaced

with a boundary-layer-flexible sinusoidal saturation function.
Hence, the chattering will be considerably reduced, while the
disturbance rejection property of the closed-loop PMSM sys-
tem can still be maintained. Subsequently, the non-singular
terminal sliding mode control (NTSMC) is applied to design
for the speed loop controller of the PMSM. To ensure that the
closed-loop system possesses a good disturbance rejection
property, the load observation value of the SS-SMO is fed to
the input of the current regulator. Thus, a composite sliding
mode controller (NTSMC+SS-SMO), using a combination
of the sliding mode feedback part and disturbance compensa-
tion part based on SS-SMO, is developed. To verify the effect
of the composite sliding mode controller, accurate simulation
of the load characteristics of the permanent magnet direct-
driven system is an important premise. The dynamic model
of scraper conveyor reflects the relationship between the
displacement, velocity and acceleration of the scraper chain
and the dynamic load. Thus, the actual load curve of the per-
manent magnet direct-driven system can be simulated by the
dynamic model of the scraper conveyor. Finally, simulation
results and comparisons are given to show the effectiveness
of the proposed method.

This study aims to investigate the composite sliding mode
control of a permanent magnet direct-driven system for a
mining scraper conveyor. The closed loop composite sliding
mode controller of a permanent magnet direct-driven system
is validated on the basis of the load characteristic which is
obtained by the dynamic model of scraper conveyor. The
paper is organized as follows: The design of the compos-
ite sliding mode controller for permanent magnet direct-
driven system is explained in the following section. The
‘Dynamic equations of scraper conveyor’ section presents the
dynamic model of the mining scraper conveyor based on the
Kelvin-Vogit model. Subsequently, the MATLAB/Simulink
model of the system is established according to the coupling
relationship between the permanent magnet direct-driven
system and the scraper conveyor in the section ‘Electrome-
chanical coupling modeling’. The simulation results of the
composite sliding mode control of a permanent magnet
direct-driven system for a mining scraper conveyor are given
in the section ‘Simulation and analysis of composite sliding
mode controller’. A brief summary of the study is presented
in the last section.

II. DESIGN OF COMPOSITE SLIDING MODE CONTROLLER
A. MATHEMATICAL MODEL OF THE PMSM
The stator voltage equation of the PMSM in the synchronous
rotating coordinate (d-q) is shown as follows [16].

ud = Rid + Ld
did
dt
− ωeLqiq (1-a)

uq = Riq + Lq
diq
dt
+ ωeLd id + ωeψf (1-b)

where ud and uq are the d and q axes stator voltage compo-
nents, id and iq are the d and q axes stator current components,
R is the stator resistance, Ld and Lq are the d and q axes
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inductances, ωe is the rotor electrical speed, and ψf is the
permanent magnet flux linkage, respectively.

The electromagnetic torque equation of the PMSM in the
synchronous rotating coordinate (d-q) is shown as follows.

Te =
3
2
pniq[id (Ld − Lq)+ ψf ] (2)

where pn is the pole number of the PMSM.
According to the requirements of the permanent mag-

net direct-driven system for the mining scraper conveyor,
a surface-mounted PMSM is selected as the driving motor.
The control scheme of the PMSM is chosen as rotor flux
orientation control (id = 0), and (2) can be simplified as
follows.

Te =
3
2
pniqψf (3)

The mechanical motion equation of the PMSM is shown as
follows.

Te − TL = Bωm + J
dωm
dt

(4)

where TL is the load torque, B is the viscous friction
coefficient, ωm is the rotor mechanical speed and J is the
rotational inertia , respectively.

B. DESIGN OF SS-SMO
According to the mechanical motion equation of the PMSM,
the permanent magnet direct-driven system used in the direct
drive mining scraper conveyor suffers from the effect of load
torque change, which greatly increases the speed control
instability. To reduce the effect of load sudden change on
vector control systems, the SS-SMO is designed to observe
the change of load torque of the PMSM in real time in this
paper.

Because the switch frequency of the controller is much
higher than the frequency of the load torque change, the load
torque of the PMSM can be considered to be a slow variable
in the control cycle. Therefore, the load can be assumed to
be a constant value, namely, ṪL = 0. According to the (3)
and (4), the following equation of state can be obtainedω̇m =

1
J
(
3pnψf

2
iq − TL − Bωm)

ṪL = 0
(5)

On the basis of (5), the following SMO of load torque can be
constructed ˙̂ωm =

3pnψf
2J

iq −
1
J
T̂L −

B
J
ω̂m + k1sgn(s)

˙̂TL = k2sgn(s)
(6)

where ω̂ is the observation of electrical angular velocity,
T̂L is the observation of load torque, k1 is the sliding mode
gain of the load torque observer, k2 is the feedback gain of
the load torque observer, s is a sliding surface and s = ω̂−ω.
To suppress the chattering problem in conventional SMO,

this paper proposes a soft switching SMO for the load
observation of the PMSM, in which the traditional switching

function is replaced with a boundary-layer-flexible sinusoidal
saturation function [17]. The boundary-layer-flexible sinu-
soidal saturation function sat(s) is shown as follows.

sat(s) =

sgn(s) |s| ≥ φsin(
πs
2φ

) |s| < φ
(7)

where φ is the boundary layer thickness. The curves of the
conventional switching function and the sinusoidal saturation
function are show in Figure 2.

FIGURE 2. Curves of the conventional switching function and the
sinusoidal saturation function (a: Conventional switching function,
b: Boundary-layer-flexible sinusoidal saturation function).

Equation (6) is modified as follows: ˙̂ωm =
3pnψf
2J

iq −
1
J
T̂L −

B
J
ω̂m + k1sat(s)

˙̂TL = k2sat(s)
(8)

The observation error of the electric angular velocity is
defined as ω̃ = ω̂-ω, and the observation error of the load
torque is defined as T̃L = T̂L − TL . According to the
(5) and (6), the following error equation of state of SMO can
be obtained  ˙̃ω = −

1
J
T̃L −

B
J
ω̃ + k1sat(s)

˙̃TL = k2 sgn(s)
(9)

Proof: The following Lyapunov function candidate is
considered [18]:

V =
1
2
s2 (10)
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Differentiating V with respect to time, and it shows as
follows:

V̇ = sṡ

= s[k1sat(s)−
1
J
T̃L −

B
J
ω̃]

= s[k1sat(s)−
1
J
T̃L −

B
J
s]

= −
B
J
s2 + s[k1sat(s)−

1
J
T̃L] (11)

where B > 0, J > 0. When s[k1sat(s)− 1
J T̃L] ≤ 0, the SMO

will satisfy the condition of asymptotic stability and it can be
simplified as follows.

1
J
T̃L + k1 < 0, s < 0

1
J
T̃L − k1 ≥ 0, s ≥ 0

(12)

Therefore, the range of the sliding mode gain can be obtained

k1 ≤ −

∣∣∣∣1J T̃L
∣∣∣∣ (13)

When the sliding mode load torque observer enters the
steady state, the observation error of the electric angular
velocity ω̃ = ˙̃ω = 0, and the (9) can be simplified as:0 = −

1
J
T̃L + k1sat(s)

˙̃TL = k2sgn(s)
(14)

Eq. (14) can be further simplified as.

˙̃TL −
k2
k1J

T̃L = 0 (15)

According to the theory of stability, the stable condition of
the (15) is k2

k1J
< 0. Due to the k1 < 0, J > 0, the feedback

gain of the SMO k2 > 0 and the error of load torque is shown
as [18]:

T̃L = c0e
k2
k1J

t (16)

where c0 is constant. The observation error of load torque T̂L
decreases with the increase of time t and reach to zero at last.
Its approach speed is determined by the sliding mode gain k1
and feedback gain k2. If the appropriate parameter k1 and k2
are selected, V̇ < 0 can be guaranteed. The observation error
of the electric angular velocity and load torque of PMSM is
close to zero, and the vector control system of PMSM is stable

Finally, the principle diagram of the SS-SMO is shown
in Figure 3.

C. DESIGN OF COMPOSITE SLIDING MODE CONTROLLER
According to the (1), (3) and (4), the mathematical model
of the surface-mounted PMSM can be expressed as follows
based on rotor flux orientation control (id = 0).

diq
dt
=

1
Ls

(−Riq − pnψf ωm + uq)

dωm
dt
=

1
J
(−TL +

3pnψf
2

iq)
(17)

FIGURE 3. Principle diagram of the SS-SMO.

The state variables of the PMSM is defined as follows [19].{
χ1 = ωref − ωm

χ2 = χ̇1 = −ω̇m
(18)

where ωref is the reference speed of the PMSM.
In the sliding mode control, the nonlinear function is intro-

duced into the design of the sliding mode surface, which can
make the tracking error of the sliding mode surface converge
to zero within the limited time T , and the non-singular sliding
mode surface is defined as follows.

s = χ1 +
1
β
χ
p/q
2 (19)

where β > 0, p and q (p > q) are positive odd numbers.
The exponential reaching law function is shown as follows.

slaw = −εsgn(s)− qsε > 0, q > 0 (20)

Taking the derivative of the sliding surface ṡ, the (20) is
substituted into it, then (21) is obtained as follows.

ṡ = χ̇1 +
p
qβ
χ
p/q−1
2 · χ̇2 = χ2 +

p
qβ
χ
p/q−1
2 · χ̇2 = slaw

(21)

The expression of the controller is shown as follows.

i̇q =
2J

3pnψf

(
β
q
p
χ
2−p/q
2 + εsgn(s)+ qs

)
(22)

Thus, the reference current of the q axis is expressed as
follows.

iq =
2J

3pnψf

∫ t

0

(
β
q
p
χ
2−p/q
2 + εsgn(s)+ qs

)
dt (23)

Proof: In order to analyze stability of the NTSMC, the
following Lyapunov function is considered.

V =
1
2
s2 (24)

Differentiating V with respect to time, and it shows as
follows:

V̇ = sṡ

= s(χ2 +
p
qβ
χ
p/q−1
2 · χ̇2)

= s[
p
qβ
χ
p/q−1
2 (−εsgn(s)− qs)]

=
p
qβ
χ
p/q−1
2 (−ε |s| − qs2) (25)
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Due to the ε > 0, β > 0, p and q (p > q) are positive odd
numbers, the (25) can be simplified as:

sṡ =
p
qβ
χ
p/q−1
2 (−ε |s| − qs2) ≤ 0 (26)

Therefore, the desigened NTSMC is asymptotically
stable.

The load observation value of the SS-SMO is fed to
the input of the current regulator, and the disturbance feed
forward compensation is marked as i′q. Combined with
the (23), the final reference current of the q axis is expressed
as follows.

i∗q = iq + i
′

q

=
2J

3pnψf

∫ t

0

(
β
q
p
χ
2−p/q
2 + εsgn(s)+ qs

)
dt + kt T̂L

(27)

where kt is the feed forward gain for load disturbance com-
pensation, and kt > 0.
The real-time load torque of the PMSM is identified

by the SS-SMO, and the load observation value of the
SS-SMO is fed to the input of the current regulator. The influ-
ence of the sudden load on the speed control of the PMSM of
the scraper conveyor can be overcome effectively and reduce
the speed fluctuation of the PMSM. The composite sliding
mode control scheme of the PMSM is shown in Figure 4.

FIGURE 4. Composite sliding mode control scheme of PMSM.

III. DYNAMIC EQUATIONS OF SCRAPER CONVEYOR
The chain characteristics of the scraper conveyor are
described by the Kelvin-Vogit model, and the model is shown
in Figure 5.

FIGURE 5. Kelvin-Vogit model of chain.

The tension can be expressed as the following form.

F = k(x1 − x2)+ c(ẋ1 − ẋ2) (28)

where k the stiffness coefficient of the chain, and c is the
viscous damping coefficient of chain.

FIGURE 6. Discrete element model of the scraper conveyor.

FIGURE 7. Schematic block diagram of the electromechanical coupling
model.

According to distinct element method, the chain of the
scraper conveyor is divided into 2n discrete mass systems and
is shown in Figure 6.

The dynamic equation of the chain elements can be
expressed as follows [20].

Fi−1 − Fi − fi = miẍi (29)

where Fi−1 is the tension of the i-1th element, Fi is the
tension of theith element, fi is the frictional resistance of the
ith element, mi is the lumped mass of the ith element, ẍi is the
acceleration of the ith element.

The resistances of the scraper conveyor are changed
with time, and they can be described by the following
formula [1].

fi =

{
Fi−1 (v ≈ 0,Fi−1 − Fi ≤ fs)
fd (v > 0, x > 0)

(30)

where fs is the static friction force of the chain elements, fd is
the dynamic friction force of the chain elements.

The movement forming the head and tail element of the
scraper conveyor is rotation and the dynamic equations can
be expressed as follows.

Tt + (F2n − F1 − ft )Rt =
1
2
mtR2t θ̈t

Tw + (Fn − Fn+1 − fw)Rw =
1
2
mwR2wθ̈w

(31)

where Tt is the drive torque of the head element, Tw is the
drive torque of the tail element,Rt is the radius of the sprocket
wheel of the head element, Rw is the radius of the sprocket
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FIGURE 8. Electromechanical coupling model of the mining scraper conveyor.

wheel of the tail element,mt is the mass of the sprocket wheel
of the head element, mw is the mass of the sprocket wheel of
the tail element, θ̈t is the angular acceleration of the sprocket
wheel of the head element, θ̈w is the angular acceleration of
the sprocket wheel of the head element.

Based on (29), (30) and (31), the dynamic equations of
scraper conveyor can be obtained as follows [22].

1
2
mtRt θ̈t + F1 − F2n =

Tt
Rt
− ft

m2ẍ2 + F2 − F1 = −f2

· · · · · ·

mnẍn + Fn − Fn−1 = −fn
1
2
mwRwθ̈w + Fn+1 − Fn =

Tw
Rw
− fw

· · · · · ·

m2nẍ2n + F2n − F2n−1 = −f2n

(32)

Equation (32) can be simplified as follows.

M ẍ + C ẋ + Kx +W = F (33)

whereM is the mass matrix, C is the damping matrix, K is the
stiffness matrix, W is the resistance matrix, F is the external
force matrix.

In this equation, the state vector is defined as V =

[xt , x2, · · · , xw, xn+2, · · · x2n, ẋt , ẋ2, · · · , ẋw, ẋn+2, · · · ẋ2n],

and the equation of state is shown as follows.{
V̇ = AV + BU
y = CV + DU

(34)

where A =

[
0 I

−M−1K 0

]
, B =

[
0

M−1F

]
, C =1 0 0

0
. . . 0

0 0 1

, D = [0].

IV. ELECTROMECHANICAL COUPLING MODELING
The correlation between the permanent magnet direct-driven
system and scraper conveyor is the first premise and guar-
antee of the building electromechanical coupling model.
According to the (20), the load of the permanent magnet
direct-driven system can be expressed as follows.

TL1 =
1
2
mtR2t θ̈t − (F2n − F1 − ft )Rt

TL2 =
1
2
mwR2wθ̈w − (Fn − Fn+1 − fw)Rw

(35)

Then, the schematic block diagram of the electromechanical
coupling model is shown in Figure 7.

The simulation parameters of the PMSM and scraper con-
veyor are shown in Table 1.

According to the schematic block diagram of the
electromechanical coupling model, the entire simulation
model of the mining scraper conveyor is established by
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TABLE 1. Simulation parameters of the permanent magnet drive scraper
conveyor.

FIGURE 9. Load of unit length of scraper conveyor.

MATLAB/Simulink and simulation parameters and is shown
in Figure 8.

V. SIMULATION AND ANALYSIS OF COMPOSITE
SLIDING MODE CONTROLLER
According to the chain velocity and the radius of the polygo-
nal sprocket wheel, the speed of the PMSM is obtained, and
the value is 39.5 r/min. Figure 9 is the load of unit length
of the scraper conveyor, the scraper conveyor worked under
the no load condition in the 0 to 2 s, and the scraper con-
veyor worked under the random load condition in the range
of 2 to 5 s which is in the range of 80%∼100% full load.
Based on the composite sliding mode controller of the per-

manent magnet direct-driven system, the simulation curves of
the scraper conveyor under random load condition are shown
in Figure 10. Figure 10(a) is the 3D plot of the chain velocity
change of the scraper conveyor. Figure 10(b) is the chain
velocity of the scraper conveyor on the location of x = 100 m

FIGURE 10. Simulation curves of scraper conveyor under random load
condition (a: Chain velocity of scraper conveyor, b: Chain velocity of
scraper conveyor on the location of x = 100 m and x = 300 m,
c: Chain tension of scraper conveyor, d: Chain tension of scraper
conveyor on the location of x = 100 m and x = 300 m).

and x = 300 m, the chain velocity shows fluctuations due
to the influence of the random load. Figure 10(c) is the
3D plot of the chain tension change of the scraper conveyor.
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FIGURE 11. Simulation curves of the sliding mode controller and
composite sliding mode controller (a: Speed of PMSM1,
b: Speed of PMSM2).

Figure 10(d) is the chain tension of the scraper conveyor on
the location of x = 100 m and x = 300 m, the chain tension
also shows fluctuations due to the influence of the random
load. Furthermore, the simulation curves of the scraper con-
veyor show that the composite sliding mode controller can
realize smooth starting and stable operation of the mining
scraper conveyor under random load conditions.

The effectiveness of the composite sliding mode controller
is illustrated by comparing the controller with literature [15],
and the results of the simulation experiment are shown in
Figure 11. Figure 11(a) shows the speed curves of PMSM1.
Compared with the general sliding mode controller in the
literature [15], the designed controller has a smaller overshoot
and better robust stability. The speed curves of PMSM2 also
illustrate the excellent performance of the designed controller
which are shown in Figure 11(b).

The simulation curves of the non-singular terminal slid-
ing mode controller (NTSMC) and composite sliding mode
controller (NTSMC+SS-SMO) of the permanent magnet
direct-driven system are given to explain the effectiveness of
the SS-SMO and are shown in Figure 12. Figure 12(a) shows
the speed curves of PMSM1. Comparedwith the non-singular
terminal sliding mode controller, the effect of random load on

FIGURE 12. Simulation curves of the non-singular terminal sliding mode
controller and composite sliding mode controller (a: Speed of PMSM1,
b: Speed of PMSM2, c: Load torque of SS-SMO1, d: Load torque
of SS-SMO2).

the control system can be reduced effectively by the compos-
ite sliding mode controller which combines the non-singular
terminal sliding mode controller and the SS-SMO. The speed
curves of PMSM2 also illustrate this point, which are shown
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in Figure 12(b). Figure 12(c) shows the simulation curves
of the actual load torque and the observation value of the
SS-SMO1 and shows that the SS-SMO1 can accurately
observe the actual load torque of the PMSM1. Figure 12(d)
supports this finding.

VI. CONCLUSIONS
In this study, the composite sliding mode control of the per-
manent magnet direct-driven system for the mining scraper
conveyor is analyzed based on the load characteristic. The
composite sliding mode controller is designed on the basis of
the SS-SMO and NTSMC. The electromechanical coupling
model between the permanent magnet direct-driven system
and the scraper conveyor is established based on the mathe-
matical model of the PMSM with the dynamic model of the
scraper conveyor. Finally, the performance of the composite
sliding mode controller is investigated through numerical
simulations.

The analysis of the starting condition under random load
shows that the composite sliding mode speed controller can
realize smooth starting and stable operation of the scraper
conveyor, the random load affects the stability of the chain
velocity and chain tension, and the change curves respond
directly to the random load characteristics. Compared the
designed controller with related reference, we determine that
the composite sliding mode controller has excellent perfor-
mance, smaller overshoot and better robust stability. Com-
pared with the NTSMC, the effect of random load on the
control system can be reduced effectively by the composite
sliding mode controller, in which the observed load torque
of the SS-SMO is used for feed-forward compensation. The
designed SS-SMO can accurately observe the load torque
change of the permanent magnet direct-driven system in real
time.
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