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Abstract: Under the impact of electro - magnetic activation and marginal load disruption, electro - mechanical linking resonance can
be generated on the motor driveshaft of the moderately slicing segment of a shearer. In this sense, this hypothesis explores the vibration
properties of a motor rotor and the effect of electro - mechanical couplers. Besides, system model approximate solution is obtained
through the multiple time scales method in the instance of sub-harmonic resonance, and the Rung-Kutta Procedure of the fourth order
defined the steady-state solution. In addition, the electric and magnetic factors containing the angle of the operational strength factor,
the couple of pole combinations, the permanent magnet index, the saturation magnetization correlation and the technical parameters
concerned for the tensile vibrations of the rotor structure, such as torsional rotor stiffness and longitudinal load, are tested. In considering
Lyapunov’s first indirect procedure, the equilibrium of the steady state approach nearby its worst resonance situation is reviewed. The
results on the steady state solution of the various parameters are surveyed and discussed. The simulation outcomes are calculated using
the software MATLAB program.

Keywords: Electromagnetic excitation disturbance, Electromechanical coupling resonance, Shearer semi-direct cutting section,
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1 Introduction

A three-phase induction motor, a radial transmitting
system, a thrust gear driving system, and radial drums are
indications of the traditional cutting structure of a
shearer[1,2]. Limited speed control performance, the long
transmission joint in the breaking portion, and a rising
failure rate are the drawbacks. A permanent semi-direct
magnetic shearer transmitting mechanism in which the
planetary gear is eliminated and a permanent magnet
synchronous motor (PMSM) is included instead of the
induction motor as the driving root motor is implemented
in this study. A middle spur gear transmission device is
responsible for the transfer of the driving torque
generated by this process to the terminal drum. As the
terminals drum separates the coal walls [3,4,5], the
stresses and dynamic loading can be confronted by this
gear shift process. Thus, the electro - magnetic shearer

rotor performance efficiency and terminal load
specifications may have a far-reaching impact on the
reliability and functionality of the shearer transmission
device. The semi-direct transmission mechanism of the
coal cutting tool usually corresponds to the electro -
mechanical linking system [6,7,8], where there can be
abundant dynamic properties [9, 10, 11].

Different terminal loads will relay several variations
in the interactive output of the driving motor, causing
intensification to the chaotic behavior of the structure.
The machinery drops its balance mainly when the
operating motor’s revolving speed is equivalent to or
exceeds the critical rotation speed of the transmitting
system’s dynamic modules and the resonance phenomena
is likely to occur [12,13]. Therefore, by taking complete
consideration of the consequence of linking between
machinery; electric and magnets impacts, it is essential to
clarify the vibration in the transmitted rotor shaft
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structure. It is also recommended to investigate the
vibration dynamic behavior with the essence of
mechanical and electromagnetic linking in such an
operating and boundary state to realise the electro -
magnetic synchronization mechanism. To present, more
trials have been carried out on the respective research
between electronic and mechanical structures in relation
to the complex features of electro - mechanical
connection than on the examination of the coal screw
operating brake system apparatus, which impedes the
development of certain problems in the joint zones of the
mechanism. Considering that, it was possible to
effectively experience the mixing behavior of
electro-mechanics on massive spinning devices.

As one of the pioneers in describing the electric and
magnetic behavior of the induction machine as well as the
oscillatory and radial noise of the gears, Yi et al. [14]
investigated the dynamic model of the multi-stage
planetary gear set with electric drive, from which the
electro - mechanical interface scheme was researched.
The servo drive and mechanical structure analytical
model for electromechanical connection was developed
by Yang et al. [15]. The impacts of churn modulations
was concluded and the response features of thrust
harmonics and rotary materials were calculated for the
precision of functional configuration. Xu and Gao [16]
have continued their research of the nonlinear interacting
magnetic energy of the driving motor in an
electromagnetic module. Furthermore the nonlinear
mechanical and electrical interaction formula was
indicated for the moveable system, whereby bifurcation
and aggressive conduct were also verified. According to
Bai et al.[17], a complex process for the electromagnetic
procedure, which combines the nonlinear permeability
network design of such a squirrel-cage induction machine
and the connecting lateral torsional impact of a terrestrial
geared rotor device, has been clarified. In addition, the
outcomes of the dynamic features were considered.

A dynamic mechanical and electrical synchronization
model for revolving machines was developed by Szolc et
al. [18]. He investigated the influence of electrodynamic
flexural and damping correction factor on the machine
tool. The above-mentioned studies, show that the
torsional vibration patterns of the electromagnetic
conductivity device and its linking function have been
both severely and concisely reviewed. Only a few
investigations on electromechanical disruption have been
performed, while the system is under electromagnetic
perturbation and parameter disturbance. Electro -
mechanical resonance mediated process instability may
have far-reaching impacts on the stable operation of the
semi-direct driving system. For this interface, in
production electrical equipment, Calleecharan and
Aidanpdd[19], Gustavsson and Aidanpdid[20], Lundstrom
and Aidanpdid[21] have made considerable struggles to
obtain an erratic magnetic pulling driven by eccentricity.
The kernel of electromagnetism rigidity was developed
by Song and Ma [22] with considerable determination on

the magnetic potential model in the air gaps of a
hydro-generator reactor, where its influences on the
critical speed of the rotor were indicated on the basis of
the Lyapunov stability concept. Hang et al. [23] explicitly
discussed the intermittent, quasi-periodic as well as
erratic movements of the irregular rotor parameter
variation of the generator. Ran et al. [24] examined
electromechanical recombination through a twofold
induction system fitted with a screw. The results showed
that the shaft vibration could be prevented by the decrease
in negative dissipation by the electrostatic controller. The
exploratory experiments performed by Zhong and Tang
[25] found that throughout the high-speed rolling process,
certain forms of disturbances can have certain
relationships mostly with adaptive recombination.

A complex behaviour formulation of the spinning
configuration was constructed to explore the features of
negative performance modulation and vertical personality
vibrations. In view of the inconsistency of rotating
structures of spinning machinery, Gan et al. [26] extended
the non-parametric modelling technique to the
unspecified Jeffcott rotor with disk split and the
demonstrated randomized simulation model. In order to
target the torsional disturbance in the electromechanical
transmission device, the active vibration method was
advanced and the disturbance -characteristics were
reviewed by Chen et al. [27] on the condition of exterior
excitation. Although there is a significant number of
publications in electromechanical synchronization
structures on resonance problem, it focuses more on the
situation of eccentricity in the configuration of the drive
shaft. The actual load of the mechanism and the load
linking and electromagnetic activation are not considered.
The nonlinear disturbance control is explored employing
a specific nonlinear modified positive position feedback
(MPPF) approach by Y.S. Hamed et al. [28] for a
cantilever beam structure carrying an underlying lumped
mass.

In this article, the non - linear dynamic algorithm of
the rotor system is analyzed with multi-excitation forces,
and with electromagnetic interference and terminal load
interruption is considered. To reduce the induced
vibrations on the resonance cases, the impact of negative
velocity and cubic velocity feedback controller is created.
In addition, in the instance of sub-harmonic resonance, in
order to find the approximate solution of this model, a
multiple time scales scheme is included and its stability is
often determined by a computational procedure.
Moreover, electromagnetic parameters are being tested.
Some feedback on the different module specifications is
documented and the controller’s consequences on the
system’s  performance are numerically reported.
Comparisons are reported with the numerical solution.
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2 Mathematical analysis and system model

A PMSM, a three-stage spur mechanism reducer,
including a variable-frequency radial cutting drum ride
controller comprising of the semi-direct shearer drive
cutting transmitting module demonstrated in Figure 1
[29]. The electromechanical connectivity transmitting
scheme of the shearer is formulated into a two-inertia
torsional vibration mechanism which comprises a PMSM
and a cutting drum via a linking shaft, as indicated in
Figure 2. In this paper, by introducing multi-excitation
forces, we established the mathematical model given in
[29] and discussed the effect of negative velocity and
cubic velocity feedback controller on the resonance cases
on the reduction of induced vibrations. According to these
considerations, the mathematical model for the system
will be

it @’x=—epi—eyx> —eax’ + fiecos(Q 1)+
f2 EX COS(.QQ[) — &k x
(D
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, kn,n =1,2,3 are parameters dependent on essential
magnitude of the permanent magnet, the permeability of
the PMSM air gap, number of motor poles, and magnetic
field intensity of the stator, J;, J, are the PMSM and the
corresponding cutting drum moment of inertia,
respectively, @, , £;,i = 1,2 are the internal and external
excitation frequencies respectively, Cis the mechanical
damping of the flexible shafting, Kis the linear torsional
rigidity of the elastic shafting mechanism.
Applying the method of multiple time scales (MTSM), of
U(r) and V (¢) in power series form as:
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where the time derivative takes the values:
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Applying equations (3), (4) into (??) and equating
same power of € coefficients to have:
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Electrical System Mechanical System

Variable frequency . )
PMSM —] Rotor shaft Spur gear reducer

Mechanical Load

Fig. 1: Semi-direct Shearer Drive Cutting Transmission
Mechanism

Permanent magnet synchronous motor Cutting drum
Fig. 2: Physical model of electromechanical coupling
transmission system of shearer
Solution of equation (5) is:
xo =A(T}) e + A(T;) e 0T, (7

Substituting from equation (7) into equation (6) and
neglecting all secular terms at the instance of
sub-harmonic resonance state (2, = 2w + £€0) as the
worst situation, we have:

. _ A
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Where o is called the detuning parameter.
Converting A to the polar form, we have:
A=Le ©)

2 )
where f,and a are the system phase and amplitude,
respectively.
Introducing Equation (9) in Equation (8) and equating the
imaginary and the real parts, we get:

i frasin(0)

a
0 Wk, (10)
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ad =ca— : (11)
where 6 = 0Ty —2[3. .
For obtaining the steady state solution, we put ¢ = 6 =
0 into Equations (10), (11), then squaring and adding the
resultant formulas to have:
2
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Equation (12) shows the relation between the system
amplitude and phase that can be illustrate numerically in
the following section.

Discuss the stability behavior of these solutions as well as,
linearizing equations (10), and (11) according to Lyapunov
first (indirect) method to have the following system:

ORI

da da
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Thus consistency of the steady-state solution varies based
on the analysis of the Jacobian matrix characteristic
equation that can be obtained by:

Ju—2A Jiz
=0 16
Jai Jzzl‘ ' (16)
or
A2+ HiA+H, =0, (17)
where
Hy=—1n+J»), (18)

Hy = Ji1Joo — Ji2J21.

The state’s solution is asymptotically stable, as seen by
the Routh-Huriwitz criterion, if and only if all real parts
for roots of Eq. (17) are both negative This condition is
occurred if the coefficients satisfy Hy > 0, and H, > 0,.
These conditions are discussed numerically.

3 Numerical simulations and discussion

Simulation results are summarized in this part to verify
the analytical calculation earlier. The fourth order
Rung-Kutta method (RKM) has been used to estimate the
numerical result of the module given, assuming the
following parameters:

p=03, a=04 y=02, fi =2.5 fr=7.

Figure 3 (a, b) shows the time response and system phase
plane  respectively with non-resonant case at
o =75, 0 =13, Q, =8, and without control (k; = 0).
Figure 4 demonstrates the time response for the scheme in
the instance of implementing the primary resonance
Q| = 2w, + €0y, without applying any control scheme
and @ = 5. We observe that the amplitude is increases to
the value 1.537. however, in Figure 5, the amplitude is

Amplitude x

1 1 Il Il 1
0 100 200 300 400 500 600
Time t

The time response solution at k; = 0, and at basic case.
0.6 T T

04

02f

0OH

dX/dt

021

04F

1
0.1 -0.05 0 0.05 01
X

System phase plane, at k| = 0, and at basic case.

Fig. 3: Response solution at non-resonance case and without
applying control

Amplitude x

“0 100 200 300 400 500 600
Time t

Fig. 4: The time response solution with primary resonance case
Qi=w+e€eo;,0=5,02,=8, ki =0.

increases to the value 3.228 in case of applying
sub-harmonic resonance case £, = 2® + €0, without
control, @ = 5, and | = 13,. Hence the worst resonance
case is the sub-harmonic resonance case

(0 : € ~1:2). We applied cubic velocity feed-back
(CVFBC) and velocity feed-back control (VFBC) for this
worst resonance case in figures 6 and 7, respectively. We
found that the amplitude reduced by 96.7 % due to the
effect of the cubic velocity feed-back control (CVFBC)
represented by (—k;%°). Whereas it reduced by 99.95%
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Fig. 5: The time response solution with sub-harmonic resonance
case
QH=2w+¢ec,w=>5, Q) =13,k =0.
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Fig. 6: The time response solution with applying cubic velocity
feed-back control (CVFBC) at sub-harmonic resonance case
Q) =2w+¢€0c,mw=>5, Q) =13, ki = 0.5.Controller effect is
about 96.7%.
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Time

Fig. 7: The time response solution with applying velocity feed-
back control (VFBC) at sub-harmonic resonance case 2, =
2w+€0, =5, Q =13, k; = 0.5.Controller effect is about
99.95%.

after applying velocity feed-back control (VFBC)
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— Stable solution
N Unstable solution
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Fig. 8: Frequency response curves at u =0.3, and 0.6 at sub-
harmonic resonance case 2, =2w+€ec, =5, Q1 =13, k| =
0. Stable solution: black curve, Unstable solution: blue curve.
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Fig. 9: Frequency response curves at o« = 0.2, 0.4, 0.6, and 0.8
at sub-harmonic resonance case 2, =20 +€0, ® =5, Q| =
13, k1 = 0. Stable solution: black curve, Unstable solution: blue
curve.
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Fig. 10: Frequency response curves at k; = 0, and 0.3 at sub-
harmonic resonance case 2, = 20w+ €0, w =5, Q = 13.
Stable solution: black curve, Unstable solution: blue curve.

represented by (—k;x). Obviously, (VFBC) is more
effective than the (CVFBC), so we supported the adoption
of (VFBC) in this system. The scheme parameters impact
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Fig. 11: Frequency response curves at @ = 5, and 8at sub-
harmonic resonance case 2, =2+ €0, 2 =13, and k; =0.
Stable solution: black curve, Unstable solution: blue curve.
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Fig. 12: Comparison between analytic results (red curve) and
approximate solution (blue curve) for the time response at
sub-harmonic resonance case 2, = 2w+ €0, ® =5, Q) =
13, and k1 = 0.

Amplitude x

100 150 200
Time t

Fig. 13: Comparison between analytic results (red curve) and
approximate solution (blue curve) for the time response at sub-
harmonic resonance case and VFBC, ), = 2w + €0, 0 =
5,2, =13, andk; =0.5.

on the response curves are clarified by figures 8 and 9 at
sub-harmonic resonance. In figure 8, the parameter

Amplitude

Fig. 14: Comparison between approximate results (black curve)
and RKM solution (green curve) for the frequency response at
sub-harmonic resonance case, 2 =20+ €0, ® =5, Q) =
13, and k1 =0.

amplitude

Fig. 15: Effect of damping coefficient y on system amplitude
at sub-harmonic resonance case, 2 =20 +€0, W =5, Q| =
13, and k1 =0.

amplitude

06 07 08

Fig. 16: Effect of VFBC gain kjon system amplitude at sub-
harmonic resonance case, 2, =20 +€6, @ =15, and Q; =13.

u =0.3,0.6 is used, where & = 0.2,0.4,0.6 and 0.8 is
used in the MATLAB program for figure 9. The effect of
controller gain and the internal frequency on the
amplitude is shown in figures 10 and 11 respectively. We
observe in these figures that system amplitude is
proportional inversely with varying the damping
parameteryt , the cubic term coefficiente, controller
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amplitude

f,
Fig. 17: Effect of VFBC gain f>on system amplitude at sub-
harmonic resonance case, £, =2w+€0, ® =5, and Q; =13.

Table 1: Comparative analysis of the outcomes of the numerical
solution using RKM and the estimated solution for the model
without control using MTSM for Fig. 14.

Sigma (0) | RKM | MTSM | Absolute Error

-0.55 1.0448 | 1.1723 0.1275
-0.5 1.421 1.4858 0.0648
-0.45 1.6944 | 1.7438 0.0494
-0.4 1.9174 | 1.9683 0.0509
-0.35 2.1243 | 2.1697 0.0454
-0.3 2.3176 | 2.3539 0.0363
-0.25 2.4805 | 2.5247 0.0442
-0.2 2.6432 | 2.6847 0.0415
-0.15 2.7967 | 2.8357 0.039
-0.1 2.9401 2.979 0.0389
-0.05 3.0749 | 3.1157 0.0408
0 3.206 3.2467 0.0407
0.05 3.334 3.3726 0.0386
0.1 3.457 3.4939 0.0369
0.15 3.5751 | 3.6112 0.0361
0.2 3.6891 | 3.7248 0.0357
0.25 3.7988 3.835 0.0362
0.3 3.9063 | 3.9422 0.0359
0.35 4.0111 | 4.0465 0.0354
0.4 4.1157 | 4.1482 0.0325
0.45 42177 | 4.2475 0.0298
0.5 4.3057 | 4.3445 0.0388
0.55 4.4399 | 4.4393 0.0006

gaink;, and the internal frequency®. Stable and unstable
regions are represented by the black and blue curves
respectively. Both solution induced by (MTSM) and
numerical solution using Rung-Kutta Method (RKM) of
fourth order are compared in figures 12-14 for time
history and frequency response curves for the system.
These figures show good agreement between the
approximate solution (blue curve) and the numerical
result (red curve) of equation of the system in case of
ki = O(figure 12) and k; = 0.5for (VFBC) (figure 13) at
sub-harmonic resonance case. Figure 14 provides good
results between the used methods (MTSM and RKM) for
the frequency response. We observed that the study shows

that all numerical solution projections are in good
alignment with computational solutions (see Tables 1).
The change of amplitude range with varying of the
system parameters is illustrated in figures 15-17. We
observe that the amplitude is reverse related with the
value of u ,and the control gain k; as shown in figures
(15) and (16), respectively. In contrast, it is direct
proportional with the force f, up to reaching saturation
case as shown in figure (17).

4 Conclusion

In this study, using multiple time scales methodology, a
dynamical dynamic model of the shearer permanent
magnetic moderately drive breaking transmission
mechanism with multi-excitation forces was reviewed and
solved. Also, the disastrous resonance incidents through
VFBC and CVFBC were addressed. The worse situation
of resonance is sub-harmonic case under these excitations
1.e.8, : @ = 2 : 1. The influence of VFBC and CVFBC
was clarified. It was shown that control effect is about
99.95% due to the outcome of VFBC, and about 96.7 %
due to the effect of the CVFBC. Consequently, the VFBC
is more effective for this system under the effect of
external and parametric excitation forces. In order to
minimize the amplitude peak and improve the stability
area, an appropriate stability analysis was also conducted
and appropriate choices were found for the feedback
gains. Moreover, approximate solutions obtained by the
multiple-scale method) were compared with numerical
solutions using the fourth-order Rung-Kutta method. The
distinction offered a good agreement between
approximate and numerical approaches. Finally, the effect
of electromagnetic factors on the scheme amplitude and
its consequence on stability criteria for the system were
premeditated.
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