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Abstract— In the application of coal mining belt conveyors,
dual-motor drives based on permanent magnet motors (PMM)
are gaining increasing attention now. To achieve high-
performance coordination control of the two motors, this paper
proposes a finite control set model predictive speed control
(FCS-MPSC) method to improve the dynamics and speed
tracking performance of the motors. First, the features of the
dual-motor drives used in conveyor belts are analyzed. On this
basis, the requirements of the control strategies are illustrated.
Second, a master-slave control strategy is developed after
treating the PMMs at the tail end and head end as the master
motor and slave motor, respectively. Third, the FCS-MPSC
method is developed for both master and slave motors by using
new predicting model. In this process, the issue that the speed
property is not directly related to the manipulated variables are
tackled. Moreover, in order to further improve the dynamics of
the slave motor, a speed reference compensation strategy is
proposed. Finally, the proposed FCS-MPSC method is validated
through comparative simulation results.

Keywords— permanent magnet motor, coordination control,
model predictive control, belt conveyor, dual motors

I. INTRODUCTION

The traditional drive system employed in coal mine
conveyor belts comprises a solitary asynchronous motor and
gears to generate power [1]. This configuration exhibits
several characteristics. First, the single motor necessitates a

substantial power capacity without possessing redundancy [2].

Hence, in the event of motor failure, there exists no backup
equipment to supply power. Second, the utilization of gear
structures induces wear and escalates maintenance expenses
[3]. Third, asynchronous motors typically employ variable
frequency control methods grounded on the voltage-to-
frequency (V/F) concept, which results in suboptimal overall
energy efficiency and an incapacity to meet the demands of
contemporary high-efficiency systems [4]. On these grounds,
the conveyor belt system driven by dual direct-drive
permanent magnet motors (PMMs), as depicted in Fig. 1, has
garnered growing attention [5-9]. This system primarily
comprises the subsequent components. 1) Belt: Conveyor belt
constitutes a continuous loop composed of diverse layers of
rubber or fabric material. Its principal function entails
transporting coal and furnishing the requisite strength to
accommodate the load. Conveyor belts employed in coal
mining operations are typically designed to possess sturdiness
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and resistance to abrasion, as coal can exhibit abrasive

properties. 2) Pulleys: Pulleys represent cylindrical devices
deployed to alter the direction of the belt or provide tension.
The head pulley occupies the discharge end of the conveyor
and assumes the responsibility of driving the belt.
Correspondingly, the tail pulley situated at the loading end
also imparts driving force. Additionally, bend pulleys serve
the purpose of maintaining the proper alignment and tension
of the conveyor belt as it changes direction around curves or
bends. 3) Dual-motor drive system: This system encompasses
a pair of direct-drive permanent magnet motors directly linked
to the head and tail pulleys. The motors may possess identical
or distinct power ratings. 4) Idlers: Idlers denote support
rollers positioned along the conveyor's length to uphold the
belt and sustain its alignment. They diminish friction and
facilitate the smooth movement of the belt. Certain idlers are
designed to furnish supplementary support and mitigate
sagging. 5) Take-up system: The take-up system assumes the
responsibility of preserving tension in the conveyor belt to
avert slippage. Typically, it comprises a take-up pulley, a
gravity take-up mechanism, and a counterweight. 6) Cleaning
system: The cleaning system functions to eliminate residual
coal deposits from the belt and pulleys, thereby mitigating
complications such as belt jamming and operational vibrations.
7) Load zone: The load zone designates the region wherein
coal is loaded onto the conveyor belt. Frequently, this zone
incorporates elements such as chutes, skirting boards, and
impact idlers to regulate the impact and confine the material
being loaded. Compared to the traditional coal mine conveyor
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belt drive system, the new system exhibits high efficiency and
high reliability.

In terms of the dual-PMM-based coal mining belt
conveyor, in order to achieve higher efficiency, the drive
algorithm is not limited to V/F control [10], [11]. Among them,
speed and current closed-loop control have promising
applications. However, the conveyor belt used for coal mining
presents challenges to closed-loop control [12]. Specifically,
because the two motors are connected through the belt, their
speeds need to be consistent to achieve coordination control
[13], [14]. However, for the motor connected to the tail pulley,
it is closer to the loading position where coal is loaded,
resulting in more severe external disturbances and greater
speed fluctuations. Comparatively, the motor connected to the
head pulley suffers relatively smaller external disturbances,
and its own speed variation range is smaller as well. However,
the speed differences between the two motors in a dual-PMM-
based coal mining belt conveyor can lead to several issues
with the belt. 1) Belt misalignment: If the speeds of the two
motors are significantly different over time, it can cause the
belt to deviate from its intended path. This misalignment can
result in uneven loading, increased friction, and potential
damage to the belt and other conveyor components. 2) Uneven
tension distribution: Speed variations between the motors can
lead to inconsistent tension distribution along the belt. This
can result in areas of the belt being under excessive tension,
leading to premature wear and potential failure. These two
aspects can accelerate wear and tear on the belt, leading to
increased maintenance and replacement costs. It may also
require more frequent adjustments and alignments to ensure
proper functioning of the conveyor system. 3) Reduced
conveying capacity: Inefficient coordination between the two
motors can lead to a decrease in overall conveying capacity.
The uneven distribution of power and tension can casue
decreased productivity. Hence, it is significant to develops
effective strategies that can guarantee coordination control.

This paper proposes an MPC-based coordination control
strategy to regulate the speeds of two PMMSs used in caol
mining belt conveyors. The main contributions of the paper
are as follows:

1) The PMMs connected with the tail pulley and head
pulley are defined as master and slave motors, respectively.
Considering that the master motor experiences more obvious
speed variations, the slave motor needs to follow the real
speed of the master motor.

2) A model predictive control (MPC)-based coordination
control strategy is developed. The rationale behind this
method is that high dynamics contribute to synchronous
operations, which is clearly explained in this paper.

3) To achive satisfying dynamic performance, a model
predictive speed controller (MPSC) is proposed. When
desining the MPSC, the issue that manpulated voltages are not
directly related to the motor speed property is tackled.
Simulation results prove that the proposed method can achieve
good coordination control performance.

II. MODELING OF PMM

In the forthcoming analysis and design of control
algorithms, the motor model serves as a fundamental
prerequisite. Hence, this section presents the mathematical
model of the permanent magnet motor to establish a basis for
subsequent investigations. The commonly used state-space

model that describes both electrical and mechanical properties
of PMMs can be written as follows [15]:

dy_ Ry g e (1)
dl‘ Ld d Ldp m°q Ld
di I R u ¥,
="l py i, ——i +—L——L pey
P Lq po,i, Lq i, Lq Lq praw, (2)
T,=15p(¥ i, +(L,~L,)i,i,) ®)
do, 1 . -
dlm =7(1'5p(\yflq+(]‘d _Lq)ldlq)_me_z) (4)

where i, i, are d, g-axis currents. uq, uy are d, g-axis voltages.
Ly, L, are d, g-axis inductances. R, is stator resistance. p is the
number of pole pairs. 7., 7;and w,, are electromagnetic torque,
load torque, and rotor speed, respectively. ¥y is permanent
magnet flux linkage. J and B are rotor inertia and viscous
coefficient, respectively.

III. PROPOSED MPC-BASED COORDINATION CONTROL
METHOD

A. Rationale of Control Strategy Design

In the context of driving conveyor belts, achieving
consistent rotational speeds of the two motors involved is the
ultimate objective. Several methods can be employed to
ensure speed coordination. The first approach is the
independent control method [16]. In this method, both motors
have a reference speed set to the target speed, resulting in no
interactions or intercommunication between the motors.
However, when the motor located at the tail end experiences
external disturbances, the motor at the head end fails to
respond promptly, leading to speed deviations. The second
commonly used method is the master-slave control strategy
[17]. One of the two motors is designated as the master motor,
while the other operates as the slave motor. The reference
speed of the master motor is set to the target speed, while the
reference speed of the slave motor is determined based on the
real-time speed of the master motor. This method couples the
operation of both motors, and as long as the slave motor
possesses excellent dynamic tracking capabilities, the speed
coordination between the two motors can be achieved. The
third method is the coupled control method [18]. It involves
calculating the speed error between the two motors. For the
motor with a lower speed, the error is added proportionally to
the reference speed, while for the motor with a higher speed,
the error is subtracted proportionally from the reference speed.
This method yields effective control performance for steady-
state operation of the two motors. However, for the conveyor
belt's driving motors, the speed differences primarily arise
from external disturbances. Even by adjusting the real-time
reference speed, the motor located closer to the tail end cannot
stabilize at the new reference speed due to disturbances.
Therefore, the coordination control method provided by this
approach remains unsatisfactory. In summary, the master-
slave control method exhibits superiority in conveyor belt
applications. Considering practical operating conditions, the
motor positioned at the tail end, which is more susceptible to
disturbances, is defined as the master motor, while the motor
at the head end is defined as the slave motor.

For the PMM (master motor) connected to the tail pulley,
which is more vulnerable to external disturbances, it is crucial
to ensure the motor's robustness. Specifically, the motor
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Fig. 2. Speed coupling strategy used for coordination control.

should exhibit minimal speed fluctuations when subjected to
load disturbances and should quickly recover from speed
deviations. Taking the traditional PI-based field-oriented
dual-closed-loop control as an example, when a speed
deviation occurs, the PI output of the speed loop automatically
adjusts to restore the speed to the reference value. However,
due to integral delay, the adjustment time tends to be relatively
long. Therefore, for motors used in conveyor belt drives,
control algorithms that offer high-speed tracking response and
dynamic response need to be developed. Currently, finite
control set (FCS) model predictive control (MPC) methods
based on optimal control theory have shown promise [19].

Signal

FCS-MPC [ .
generation

As for the motor (slave motor) connected to the head
pulley, it is essential to possess a high dynamic response to
track the real-time speed of the master motor. The motor's
response speed depends on the rotor inertia and the control
algorithm. In practical scenarios, for motors with fixed rotor
inertia, increasing the control system's bandwidth can achieve
high dynamic response [20]. In this regard, the FCS-MPC
algorithm is a suitable choice to meet the requirement.

B. Speed Coupling Between Two PMMs

Fig. 2 shows the speed coupling strategy employed for
coordination control. It needs to be addressed that the master
motor is the one connected with the tail pulley, and the slave
motor is the one connected with the head pulley. w e is the
desired motor speed, working as the reference of the master
motor. w1 is the real speed of the master motor, serving as the
reference of the slave motor. w2 1s the real speed of the slave
motor, which needs to track the speed of the master motor.

C. Proposed MPSC

In Fig. 2, for each motor, only one FCS-MPC controller is
adopted to regulate the motor speed. In this case, only one
control loop is included. This approach focuses solely on
achieving the desired motor speed without the need for a
current regulator. It maximizes the system bandwidth and
enhances the dynamic response speed. Now, a new issue how
to design the FCS-MPSC controller arises.

a) Design of MPC for both master and slave motors

Because speed is the target objective to be regulated, the
future speed information needs to be predicted. Traditionally,
forward Euler algorithm should be applied to the machine
model for future state estimation. However, this method is not
suitable for a PMM. In detail, the forward Euler discretization
algorithm cannot be applied to (4). This happens because there
is no voltage information which represents the control variable
in (4). To solve this issue, by carefully looking at (4), it can be
seen that speed is a direct consequence of the currents in each
control period, and integral can make this relationship more
pronounced. Take definite integral of (4) between # and fx+1
and the predicting model for speed estimation is [21], [22]:

o, (k+1)=

15p\Pf 7% Ld_Lq [
TL i,dr+ v, L i,i,dt

S )
- 7L T,dt + o, (k)

where wn(k) and wm(k+1) are current and future speed
information, respectively. Ti(k) is load. In practice, the control
period T is short, so an appropriate assumption that i, and iz,
will witness linear changes within a control period, and the
external load torque 77 remains constant over the period can
be made. In this case, (5) can be rewritten as:

S Gy k=i, - LT

(L,~L,)T

+—
2J

From (6), it can be noticed that before predicting the future
speed, the future currents and load should be calculated. As
for the future currents, after applying Euler discretization
algorithm to (1) and (2), the predicting model can be obtained
as:

o, (k+1)=

——tw,(k)
(6)
(i, (k+1) = i,i, (k)

id(k+1)=#id(k)+Ti @, (ki (k) + L, D
) _ TLp L,~TR,
i, (k+1)=— < (k)i (k) + =2 I i (k)+ “® g
T¥,p
- 60 (k)

q
where i (k) and i, (k) are the measured current information at
tr. ia (k+1) and i, (k+1) are the future currents at #-+1. In terms
of the load, it can be assumed to equal the electromagnetic
torque, which can be derived from (3) as:

T,(k)=1.5p(¥ i, (k) + (L, - L,)i, ()i, (k)) )

Relying on the predicting model (5) ~ (9), the future speed
information wu(k+1) can be calculated at #. And the
implementation procedures can be further summarized as:

a) Measurement: Measure the phase currents rotor speed
wn(k) and position 6(k) by the use of physical sensors.

b) Coordinate transformation: Transform phase currents
into the d, g-axis currents i4(k) and i,(k) relying on the position
information (k).

¢) Current and torque information calculation: Employ the
discrete model (7) ~ (9) to predict the future currents iy (k+1)
and iy (k+1) and the real-time load Ti(k) for seven candidate
voltage vectors.

d) Speed prediction: Use the discrete model (5) to predict
the future speed w,(k+1) corresponding to different voltage
vectors.

e) Evaluation and switching state selection: Substitute the
predicted speed into the cost function (10) one by one to select
the voltage vector minimizing the cost function.

g, =(o, -o,(k+1) (10)

where m,," is reference speed.
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Fig. 3. Modified control scheme used for conveyor belt.
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b) Reference speed compensation for slave motor

The proposed FCS-MPSC has high dynamics. In theory,
the slave motor can keep in pace with master motor’s speed.
However, the dynamics of the slave motor can be further
improved by incorporating the speed errors between the two
motors into the control process. Fig. 3 shows the modified
control scheme, in which the reference speed of the slave
motor is set as:

=w,,if 0, =0,

m2

wmirL{fZ
wmirefZ = 2wm] _a)m27 l.f‘ wm] # wm2

(11)

where wn_rep 1s reference speed of the slave motor.

IV. VERIFICATION RESULTS

In order to verify that the proposed FCS-MPSC-based
coordination method can show good performance, simulation
is conducted on a dual-PMM drive whose motor parameters
are presented in Table I. The system model used for simulation
is established in MATLAB/ Simulink 2018b, which is shown
in Fig. 4 [23].

To verify the effectiveness of the proposed MPC-based
coordination control strategy, simulation is conducted on the
motor under the speed of 40 rad/s and under the load of 60 Nm.
Fig. 5 shows the simulation results of speed, torque, and
currents. First, the speed can reach and stabilizes at the desired
level for both the master and slave motors. Second, at the start-
up stage, because the motor rotates under a heavy load, the
motor speed becomes negative for a short while. Third, As for
the slave motor, it can track the speed of the master speed
precisely at the stable state, while it cannot track the speed of
the master speed at the start-up stage. This needs to be further
improved in the future.

To verify that when two motors work under stable states,
the tracking performance of slave motor is good when master
motor’s speed fluctuates, the following setups are given.
When two motors rotate at 40 rad/s under the load of 60 Nm,
the master motor experiences sinewave speed fluctuations by
changing the reference speed. The simulation results are
shown in Fig. 6. It can be seen that the slave motor is inclined

TABLE |
MOTOR AND CONTROL PARAMETERS

Parameter Value Unit
stator winding resistance R 0.6383 Q
d-axis inductance L, 2 mH
g-axis inductance L, 2 mH
the number of pole pairs p 4 -
DC-bus voltage Uge 530 A\
flux linkage ¥, 0.085 Wb
rated motor speed w,, 40 rad/s
sampling time 7' 0.1 ms
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Fig. 4. Simulation model used for verifying proposed strategies.

to track the master motor’s working status, though they are not
totally the same. This means that the proposed method has
relatively high coordination control performance, which
requires further improvement in the future.

Fig. 7 shows the performance of master and slave motors
when the load of master motor fluctuates, which complies
with the real applications. First of all, it can be seen that when
load variations exist, the motor speed fluctuates. Second,
similar to Fig. 6, the slave motor speed relatively tracks the
master motor speed, proving that further exploration is
required.

V. CONCLUSION

To achieve coordination control of double PMMs used to
actuate coal mining belt conveyors, this paper develops a
master-slave control strategy and FCS-MPSC controller. First,
the working mechanism of the dual PMMs in the application
of coal mining belt conveyors is explained. It can be found
that the PMM located at the tail end is inclined to experience
higher external disturbances than the motor at the head end.
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Fig. 5. Effectiveness of proposed strategies.
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Fig. 7. Simulation results when master motor experiences load

variations.
Second, after defining the PMMs connected with the tail
pulley and head pulley as master motor and slave motor,
respectively, a master-slave control scheme is developed. The
slave motor needs to track the real-time speed of the master
motor. Third, an FCS-MPSC controller is developed to
improve the dynamics of the system. Meanwhile, the speed
reference of the master motor incorporates the speed errors of
the two motors to further improve the dynamics of the slave
motor. Finally, simulation results validate the proposed
coordination and FCS-MPSC methods, but also place great
demand on further enhancement in coordination control.
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