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Abstract. In order to extend the service life of the long-chain gear transmission system of a drum
shearer, an electro-mechanical coupling model of a drum shearer cutting unit is established. The
model considers the dynamic characteristics of the motor, time-varying meshing stiffness, as well
as the drum load characteristics. Additionally, the dynamic characteristics and control strategy for
suppressing the dynamic load of the gear transmission system under impact load are investigated
based on this model. Firstly, the influence of the gear transmission system of the drum shearer
cutting unit under impact load is analyzed. Then, on that basis, the active control strategy based
on motor torque compensation is proposed to suppress the dynamic load of the gear transmission
system caused by mutational external load. Finally, the suppression effect on the dynamic load of
the gear transmission system is analyzed. Research results indicate that this control strategy has
good control effects to suppress the dynamic load caused by a mutational external load, which
confirms the effectiveness of the proposed control strategy.

Keywords: drum shearer, impact load, gear transmission system, dynamic load, active control
strategy.

1. Introduction

Long-wall mining is a special mining method that has high coal productivity and smooth
operation. The drum shearer serves as the commonly used component in long-wall mining
equipment, which is made up of the mid-body, haulage unit, hydraulic system and cutting unit as
shown in Fig. 1 [1, 2]. Additionally, the drum shearer is known as the most important component
in long-wall mines owing to its direct role in the cutting of coal and the production process.
Meanwhile, the drum shearer cutting unit is an electro-mechanical coupling system composed of
a cutting motor, gear transmission system and cutting drum, which consumes 80 %-90 % of the
entire installed power of drum shearer [3], as shown in Fig. 1(a). However, a coal seam is usually
non-homogenous with hard inclusion and rock intercalation, which causes the following concerns,
including heavy loads, strong impacts, and large fluctuations to the drum. Thus, the cutting unit is
one of the weakest parts of the drum shearer [4].

Substantial research has been conducted into the torsional vibration characteristics caused by
mutational external loads within electro-mechanical coupling systems such as wind driven
generators, automobiles and rolling mills. The following discussion describes the research that has
been conducted into the systems that are mentioned. The dynamic torsional load of the gear train
in a wind driven generator is typically caused by random wind speed; moreover, torsional
vibration is one of the main reasons that lead to fatigue damage of transmission system of wind
driven generators [5]. In order to reduce fatigue load of the drive-train of a wind driven generator
from the perspective of the control system, a speed-based damping controller is designed to
mitigate torsional oscillations in the drive-train system of a double fed induction generator (DFIG)
by considering the phase lag within the torque-speed loop. The effectiveness and robustness of the
damping controller with respect to various operating points are verified through damping torque
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coefficient analysis as well as root locus and time-domain simulations [6]. Mandic et al. [7]
proposed a method that can extend the life and reliability of wind turbine gearboxes by reducing
the mechanical stress on gearbox components. The reduction of mechanical stress was achieved
by the generator torque control that minimizes resonant torsional vibrations within a drive-train
caused by variations in wind velocity. Girsang et al. [8] proposed a novel controller for power
converters to manipulate the eigenfrequency of the wind turbine drivetrain by introducing
additional virtual inertia in the compensating torque. The virtual inertia controller (VIC) shifts the
eigenfrequency of the system only when the drive-train passes through its inherent resonance.
Rapid acceleration or deceleration as well as changing road conditions may lead to torsional
vibration of an automobile transmission system, which not only has an important effect on fatigue
damage of the gear transmission system, but also influences the comfort of the ride [9]. A motor
control scheme consisting of a linear quadratic regulator (LQR) and state observer was proposed
by Fu et al. [10] for a motor-transmission integrated drive system of an electric vehicle to suppress
the torsional vibration of the system. Amann et al. [11] and Fazal et al. [12] designed an active
damping wheel-torque control system to suppress oscillations to improve the drivability of a
power-split hybrid electric vehicle (HEV). Their approach used the wheel speed and motor speed
as the feedback signals to compensate the desired generator torque by controlling the motor to
suppress torsional vibration of the HEV powertrain. Transient torsional vibrations of the
powertrain of a rolling mill may be induced by impact loads that can occur during the course of
biting and throwing steel. The peak torque caused by torsional vibration leads to high alternating
stress of the shafting which then results in partial fatigue failure of the shaft components [13]. The
dynamics equations of the main drive system of a two-mass rolling mill with nonlinear damping
and nonlinear stiffness were established under the action of impact moment by Liu et al. [14]. The
torsional vibration responses of system were obtained, and the influences of the nonlinear damping
and nonlinear stiffness of shafting on vibration responses of the rolling mill’s drive system were
discussed. Additionally, a new control concept was proposed by Zhang et al. [15] for the drive
system of a rolling mill to achieve vibration suppression and disturbance rejection based on
extended state observer (ESO) and linear quadratic (LQ) controllers. Its validity and superiority
was verified in comparison with a conventional PI controller.

Cutting unit

Hydraulic system  Haulage unit Midbody
Fig. 1. Drum shearer

The research discussed above is aimed at electro-mechanical coupling powertrains that are
applied in different areas where the dynamic characteristics of electro-mechanical coupling
powertrain under impact loads and the control methods of suppressing dynamic load have been
investigated. The previous research suggests that dynamic torsional load of an electro-mechanical
coupling powertrain is induced by mutational external load, which can then lead to fatigue failure
of the transmission system. Because of the harsh working conditions in longwall mining, the
mutational external load is transmitted to the gear transmission system by the cutting drum thereby
causing damage to the gears in the transmission system. Therefore, the performance of the drum
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shearer cutting unit has been receiving more and more attention by scholars to improve the service
performance. However, the studies are mainly centralized in the area of reliability optimization
design of the transmission system, pick alignment optimization of shearer cutting drum and
innovative design of transmission system itself [2-4, 16-19]. Nevertheless, related research on the
influence of the dynamic load characteristics of the gear transmission system of the drum shearer
under impact loads and the control strategy to suppress the dynamic load of the gear transmission
system is rarely reported. As a consequence, in order to adjust to the complex and changing cutting
condition and extend the service life of the gear transmission system of the drum shearer, it is
essential to study the influence law of the dynamic load of the gear transmission system under
impact loads as well as the control strategy for suppressing dynamic load by controlling the cutting
motor. This could lay a foundation for adaptive control of the gear transmission system of a drum
shearer.

In this paper, an electro-mechanical coupling model of the drum shearer cutting unit is
established including a motor model, a dynamic model of gear transmission system, and a drum
load model. Then, the influence of the dynamic load of a gear transmission system of the drum
shearer cutting unit under impact loads is analyzed. From there, a control strategy is proposed
aimed at suppressing the dynamic load of the gear transmission system on the basis of the
influence law. Finally, the suppression effect on the dynamic load of the gear transmission system
under impact loads is studied.

2. The electro-mechanical coupling model of the drum shearer cutting unit

Fig. 2 shows the drum shearer cutting unit that includes the cutting motor, gear transmission
system as well as the cutting drum. The gear transmission system is a long-chain with a series of
parallel-axis gears and a stage of planetary gear set. Additionally, the elastic wrench moment axle
connects the cutting motor with gear transmission system and also serves as an elastic buffer
device for the transmission system.

2.1. Mathematical modeling of an induction motor

The asynchronous motor, which is a high-order, nonlinear and strong-coupling system of
multi-variables, is widely adopted for the drum shearer cutting unit. In order to minimize the
number of equations, the state space equations for the dynamic model of the asynchronous motor
are usually obtained in the d-q coordinate frame. The equivalent circuit of the asynchronous motor
in the d-q coordinate frame is shown in Fig. 3.

The mathematical equations for the asynchronous motor are derived as follows [20, 21]:

Ugq Rs + Lsp _(‘)dqsl‘s me _(‘)dqsl‘m isd

usq — wdqsLs Rs + Lsp wdqsLm me isq (1)
Urg Lyp _wdqum R.+L,p _wdqur lra|

urq C‘)dqum me wdqu‘r Rr + Lrp iTq

Flux-linkage equations:

r/)sd] Ls 0 Lm 0 l:sd
Ysq _ Ly 0 Ly L_sq _ ?)
lprd Lm 0 L‘r 0 lra
qu 0 Lnp 0 Lolliyg

The mechanical equation can be written as:
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do
Toe = Jm d—;" + T, + B,,0,, (3)

where § = d/dt; usq, usq denote the stator voltage component, respectively; T,,,, denotes the
electromagnetic torque; T; denotes the load torque; J,,, denotes the motor inertia; B, denotes the
friction coefficient; P denotes the number of motor pole pairs; 6,, denotes the angular
displacement of rotor; R, R, denote the stator resistance and rotor resistance, respectively; Lg, L,
and L, denote the stator, rotor and mutual inductances, respectively; igq, i,4 denote the d-axis
stator and rotor current, respectively; igq, i,q denote the g -axis stator and rotor current,
respectively.

Drum
Planetary gear set 3|t
Long-chain Parallel-axis gears
e C I T30
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Fig. 2. Drum shearer cutting unit: a) factual picture, b) structure diagram
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Fig. 3. The equivalent circuit of an asynchronous motor in the d-q coordinate frame
2.2. Dynamic modeling of the gear transmission system

As the rotating speed of the electric motor is variable owing to load fluctuations, a dynamic
model of the variable speed process for the gear transmission system is needed to conduct the
electromechanical dynamic analysis of the drum driving system. The dynamic model of the gear
transmission system is established by the lumped mass method including the multistage parallel
shaft gears and the planetary gear set. Moreover, the angular displacements are chosen as the
generalized coordinates for the dynamic model of the gear transmission system, thereby it is
realizable to connect the motor and gear transmission system [4, 22]. As the modeling method of
the parallel shaft gears is similar to the planetary gear system, this paper uses the modeling process
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of a planetary gear set as an example. Fig. 4 shows the dynamic model of the planetary gear set.
In Fig. 4, three types of coordinate systems are constructed: (1) the static coordinate system
0XY; (2) the moving coordinate system oxy rotating with carrier; (3) the moving coordinate
system 0,N,&, (n = 1,..., N and N is the number of planets) rotating with the carrier, where
&, -axis is in the radial direction and 71, -axis is in the tangential direction. The angular
displacements 6; (i = s, r) are assigned to the sun and ring, respectively, which are measured in
the moving coordinate system oxy. The symbol 6. denotes the angular displacement of the carrier
that is measured in the static system OXY. The symbol 6,,,, denotes the angular displacement of

the nth planet that is measured in the moving coordinate system 0,1,,&,. [eserece,,l BpN] are
chosen as the generalized coordinates to construct the dynamic model of planetary gear set. The
symbol ¢, denotes the position angle of the theoretical center of the nth planet, where
@n =2n(n—1)/N. The symbols T, and T, denote the torque acting on the sun and carrier,
respectively. The symbol T;. denotes the torque acting on the ring gear that is provided by the
gearbox house, where T, = —kg,.(0, + 8,). The symbol kg, denotes the torsional supporting
stiffness of the ring that is provided by the gearbox house as the ring is usually fixed to the gearbox
house.

Sun " Carrier Ring

Fig. 4. The dynamic model of the planetary gear set

Planet

Ring

b)
Fig. 5. Transformation to parallel-axis gear pairs: a) from the sun—planet gear pair to a parallel-axis
external gear pair and b) from the planet-ring gear pair to a parallel-axis internal gear pair

In the moving coordinate system, the planetary gear set can be transformed to parallel-axis
external gear pairs (sun-planet) and internal gear pairs (planet-ring), as shown in Fig. 5.

As a result, the dynamical equations of the external gear pairs and internal gear pairs after
transformation are as follows:
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{FEyn = Bspn (rbses - ernan) + CsPn (Tbsés - TanéPn)' (4)

Flyn = KPnr(ernePn - Tbrgr) + Cpnr (TanéPn - Tbrér)'

where 135, Typn, Ty denote radius of base circle of sun, planets, ring, respectively. Kspn, Cspn
denote meshing stiffness and damping between sun and planets, respectively; Kpy,, Cp,,- denote
meshing stiffness and damping between planets and ring, respectively. The gear time-varying
stiffness Kp,, and Kp,,- can be calculated according to [22]. Upon obtaining the meshing forces
of the external gear pairs and internal gear pairs, Newton’s law for a non-inertial coordinate system
is utilized to obtain the equations of motion of the planetary gears, as shown in Eq. (5):

N
]s(és + gc) =T + Z FEynrs'
n=1

N
) ]r(ér + Hc) = Z Frynt — kor (0 + 6.),

n=1

(&)

N
(. +Nm,r.2)0, =T, — Z:(F,;yncosozS + Fpycosa )1,

n=1

Upnépn = Feyntpn — FiynTpn-
2.3. Modeling of the drum load

The drum load M; main considers the tangential cutting resistance, which depends on the
working principle of the drum picks. The equation of the drum load is as follows:

M, =05 Z(ZiDC), (6)
i=1

where n denotes the number of picks that cut the coal seam; D, denotes the drum diameter; Z;
denotes the mean cutting tangential force of each pick where Z; can be calculated based on the
follow equation:

B 104,(0.3 + 0.35b,) t K, K, Ky K K hypy
[(bp + Kw,/hm)cosﬁ]

where A, denotes the mean cutting resistance that depend on the physical properties of the coal
seam; t denotes the cutting width of picks; K,, K, Ky, K., Ko, Ky denote the correlation
coefficient of pick or coal seam, respectively; b, denotes the width of picks; § denotes the
deflection angle of picks relative to the advancing direction of drum shearer; h,, denotes the mean
cutting thickness of the picks where h,,, can be calculated based on the follow equation:

(M

i

_ (1 = cosp,)vy,

h
m @ mny

®

where ¢,, denotes the surrounding angle of drum relative to the coal seam; v, denotes the haulage
speed of the drum shearer; n,; denotes the cutting speed of drum; m denotes the number of picks
that laid in one transversal of drum.
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2.4. Electro-mechanical coupling modeling of the drum shearer cutting unit

Fig. 6 shows the electro-mechanical coupling model of the drum shearer cutting unit. J4
denotes the rotational inertia of drum; M; denotes the drum load torque; 8, denotes the angular
displacement of drum, ¢,, and k,,, denote equivalent stiffness and damping of the elastic wrench
moment axle, respectively; ¢; and k; denote the equivalent stiffness and damping of the different
gear shafts, i = 1, 2; and c¢,4 and k,4 denote equivalent stiffness and damping between the
planetary gear set and drum, respectively. The electro-mechanical coupling model of the drum
shearer cutting unit can be constructed based on the motor model, the gear transmission system
model as well as the drum load model. The mathematical model is as shown in Eq. (9):

]déd =T. =My,

T, = kpa(6. — 64) + de(éc - gd);

Ty = kep(09 — 0, — 6,) + Ctp(99 -6, — éc):

]999 = Fgor9 — T,

]Sés = Fyg1g — Fyot,

]7‘;7 = Fg717 — Fyg17,

Jebs = kz (65 — 05) + 2 (65 — 65) — Fey7e,

Js0s = Fysrs — [k2(95 —66) + 02(95 - 96)]' ©)
]494 = k(6 —6,) + C1(93 - 94) — Fysy,

J303 = Fyars — [k1(93 —6,) + C1(93 - 94)]:

]2é2 = Fi1; — Fy31y,

1,6, =k, (6, — 61) + cm(ém — 91) — Fyomy,

Jmbm = Tme — [km 0 — 61) + ¢ (610 — 61)],

F;; = kij(riGi — erj) + cij(riéi — rjé]-), i,j=123,..,

where F;; denotes the dynamic meshing force between two meshing gears, (i = 1, 2,...8;
j=2,3...9); Js and J. denote rotational inertia of sun, carrier and multistage parallel shaft gears,
respectively; J,, and r,, denote rotational inertia and radius of multistage parallel shaft gears,
n =1, 2,..9; 6, denote the angular displacement of multistage parallel shaft gears.

| |
. ¢, | A Gear box I
r e Cutting 2 |
717

meym motor & nieshingpair |
km I
|
|
planetary |
gear train |
|

I Z10-Z1

212 | meshing pair

Cn 0 | Cpd
2R 2
Z9 — Drum |6, M,
kpd

|
O, +6. :
|

Fig. 6. Electro-mechanical coupling model of drum shearer cutting unit
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Table 1. Parameters of the drum shearer cutting unit
Main parameters

Rated power 300 kW; Synchronous speed 1500 r/min; Rated speed 1480 r/min; Rated
Electric motor voltage1140 V; J,,, = 10 Kg-m?; Pole pairs p = 2; R, = 0.0687 Q; R, = 0.0743 Q;
L,, = 0.0266H; L, = 1.41831H; L, = 1.41831023H; the electric motor is connected in Y
Drum J4 = 2000 Kg'm?; D, = 2000 mm; K, = 1.25; K4, = 0.9.

No. A Zy Z3 Zy Zs Zg Z; Zg Zg Z1o Zyy | Zyp

Teeth 21 38 39 23 44 21 38 38 47 16 24 64

gl| Stiffness kn =5x10*N-m’, ¢;; =8 N'm's-rad”’; k; =2x10’N'-m’!, ¢; = 140 N-m-s-rad"’;

2 and k, =4.6x10"N'm’', ¢, =350 N'ms-rad™'; k¢, = 5.7x10N-m!,

%| damping cp =75 N'mrs-rad; kpg = 1x10°N'-m’!, ¢pq = 1.4x10*N-m-s-rad”!

§ J1 =0.03 Kgm?, J, =0.3263 Kg'm?; J3 = 0.3623 Kg'm?; J4+= 0.0493 Kg'm?;
Inertia Js = 1.1243 Kg'm?; Jo = 0.1283 Kg-m?; J, = 1.3723 Kg'm?; Jg = 1.3723 Kg'm?;

Jo =3.2123 Kg'm?; J; = 0.0453 Kg'm?; J, = 0.2253 Kg-m?;
J, =9.6013 Kg'm?, J, = 9.2373 Kg-m?

3. Dynamic load characteristics of the gear transmission system of a drum shearer under
impact loads

3.1. Effect of impact loads on the dynamic characteristics of the gear transmission system

A coal seam is usually in non-homogenous with hard inclusion and rock intercalation, which
induces heavy loads, strong impacts, and large fluctuations to the shear drum load. When the
shearer encounters a normal coal seam, the fluctuation of the cutting force is small, the cutting
force can be simulated by a constant force. When the shearer encounters a coal seam with hard
inclusion and rock intercalation, the cutting force can be simulated by a pulse force [4]. The sudden
change in the drum load can occur quickly, which is an obvious and dangerous characteristic of
the drum load. In order to analyze the effect of an impact load on the gear transmission system of
drum shearer, the pulse load is directly supplied to the drum, as shown in Fig. 7. The drum load
under steady load is 60000 Nm, it then increases suddenly from 60000 Nm to 100000 Nm where
the simulation time is 2.4 s and lasts for 0.3 s. The impact load is approximately 1.67 times as
much as the steady load. The parameters of the drum shearer cutting unit are shown in Table 1.

x 10'

11

(=]
T
L

N
T
I

Drum load M;/N.m
~ (o]

[e)}

2 2.5 3 35 4 4.5
t/s
Fig. 7. Torque acting on the drum

As the first stage parallel shaft gears of the high-speed side and the planetary gear of the
low-speed side in the gear transmission system of drum shearer are the specific parts with the
highest failure rate [22, 23], this paper mainly analyzes the dynamic meshing force between the
first stage gear and the idler gear at the high-speed side, as well as the dynamic meshing force
between the sun gear and planet gear at the low-speed side.

Fig. 8 shows the curves for the dynamic meshing force between the first stage gear and the
idler gear at the high-speed side. The maximum value of the dynamic meshing force of the Z;-Z,
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meshing pairs under steady load (before 2.4 s) is 3.81x10* N. It is noteworthy that the oscillation
phenomenon of dynamic meshing force of the Z;-Z, meshing pairs is caused instantaneously
when the drum load increases suddenly. The maximum value of the dynamic meshing force is
8.24x10* N, which is approximately 2.16 times the steady load, subsequently, the oscillation
amplitude diminishes slowly. Additionally, the oscillation phenomenon of the dynamic meshing
force of the Z;-Z, meshing pairs is also caused when the drum load suddenly decreases. In this
case, the maximum value of the dynamic meshing force is 5.61x10* N, which is approximately
1.47 times the steady load, and then the oscillation amplitude gradually diminishes. Because of
the complex and changing cutting conditions, the repeated impact loads may lead to fatigue
damage of the gear transmission system. This transient process caused by the impact loads
receives significant attention in this study.

Fig. 9 shows the curves for the dynamic meshing force between the sun gear and planet gear
at the low-speed side. However, the trend of the dynamic meshing force between the sun gear and
planet gear at the low-speed side when under impact is similar to the dynamic meshing force
between the first stage gear and idler gear at the high-speed side and need not be repeated here.

102 10*

.
Sudden-increasing

\- 8.24

Dynamic meshing force F/N

Sudden—degreasing

2 2.5 3 3.5 4 4.5
t/s

Fig. 8. Dynamic meshing force between the first stage gear and idler gear at the high-speed side

x10°

S5

W
:
.

I
Al

Dynamic meshing force F/N

S

‘ 4 Nﬁ

3.5

S}
N
w
w

5
t/s

Fig. 9. Dynamic meshing force between the sun gear and planet gear at the low-speed side

Fig. 10 shows the curve for the elastic wrench moment axle load while Fig. 11 shows the
curves for the speed difference Aw; between the rotor and the first stage gear at the high-speed
side. The speed difference Aw, between the first stage gear and the drum speed equivalent to the
high-speed side, where, Aw; = 30(8,,-6,)/m, Aw, = 30(8;-641) /7 (i denotes the total ratio of
the gear transmission system). When the external load is steady, the elastic wrench moment axle
load is steady at 1600 N-m and speed difference is zero under the steady load (before 2.4 s), as
shown in Figs. 10 and 11 as data point A. However, the torsional vibration of the elastic wrench
moment axle is induced by the pulse load, and then the torsional vibration amplitude diminishes
slowly. In addition, the speed difference is also caused by the pulse load, and then the speed
difference amplitude diminishes slowly and tends to zero. Therefore, an offset trend from point B
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to point E can be obtained, which is basically identical with the offset trend from point B to point
E of the elastic axle load. Additionally, the offset trend from point F to point I of the speed
difference is similar to the offset trend from point F to point I of the elastic axle load. Moreover,
when the external load returns to a new stable state, the speed difference returns to zero again, as
shown in Figs. 10 and 11 as data point J. Therefore, the speed difference is basically identical with
the elastic axle load. Nevertheless, the speed difference Aw; between the rotor and the first stage
gear at the high-speed side is far greater than the speed difference Aw, between the first stage gear
at the high-speed side and the drum speed equivalent to the high-speed side, as shown in Fig. 11.
This is because the elastic wrench moment axle has the function of power transfer, an elastic buffer
as well as overload protection, which is designed with a lower stiffness. Additionally, as the rock
and coal act on the drum directly, the drum speed and speed difference Aw, are much more
difficult to obtain from an actual harsh environment, therefore, it is better to choose the speed
difference Aw, as a feedback signal to reflect the torsional vibration characteristics of the elastic
wrench moment axle and oscillation phenomenon of the dynamic meshing force of the gear
transmission system.

4000 ‘

3000

2000

1000

Elastic axle load/Nm

2 2.5 3 3.5 4 4.5
t/s

Fig. 10. Elastic wrench moment axle load

5 :
40 _—— Ao, 1

>

ed difference/r-min’!
(e

4 4.5

Fig. 11. Speed difference

3.2. Dynamic characteristics of the gear transmission system considering the drum load
characteristics

According to the drum load model from Egs. (6)-(8), the sudden change of the cutting
resistance Ay, leads to changes in the drum load. Nevertheless, when the physical parameters of a
coal seam remains constant including the cutting resistance A, and the other physical parameters,
the drum load is only dependent on the haulage speed v, of the drum shearer and cutting speed
ng of the drum. The existing drum load characteristics are shown in Fig. 12 where the drum load
is proportional to the haulage speed v, of the drum shearer and is inversely proportional to the
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cutting speed ng of the drum However, in the previous study, the impact load is directly supplied
to the drum without considering the drum load characteristics, as shown in Fig. 7. Hence, it is
necessary in the following analysis to study the dynamic characteristic of the gear transmission
system while considering the drum load characteristics.

Fig. 13 shows the curve for the cutting resistance A, The cutting resistance 4, increases
suddenly from 180 KN-m to 300 KN-m for a simulation time of 2.4 s and lasts for 0.3 s. The drum
load M, is then calculated based on the drum load model and is directly supplied to the drum.
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Fig. 13. Cutting resistance of coal seam

Figs. 14-15 show the curves for the dynamic meshing force between the first stage gear and
idler gear at the high-speed side, and the curves for the dynamic meshing force between the sun
gear and planet gear at the low-speed side, respectively. The simulation results show that the
amplitude of the dynamic meshing force while considering the drum load characteristics is much
greater than the case without considering the drum load characteristics. Furthermore, the elapsed
time to reach steady state is much longer. This is because the sudden changes of the cutting
resistance 4, leads to sudden changes of the drum load and fluctuation of drum speed. However,
according to the drum load characteristics, when the physical parameters of the coal seam and the
haulage speed of the drum shearer remain constant, the drum load is only dependent on the cutting
speed n, of the drum. The fluctuation of the drum speed, which in turn affects the drum load, is
shown in Figs. 16-17. Therefore, the fluctuation of the drum load is much greater when
considering the drum load characteristics, which increases the dynamic meshing force of the gear
transmission system to a certain extent.

In conclusion, the fluctuation of the drum load increases the dynamic meshing force of the
gear transmission system under an impact load. According to the drum load characteristics, the
fluctuation of the drum load could be diminished by controlling the drum speed, thereby
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suppressing the dynamic meshing force of the gear transmission system to some extent.
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Fig. 14. Dynamic meshing force between the first stage gear and idler gear at the high-speed side
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4. Active control strategy for suppressing the dynamic load of the gear transmission system
based on motor torque compensation

As previous discussed above, the dynamic load characteristics of the gear transmission system
of the drum shearer under an impact load are analyzed. The research results indicate that the speed
difference Aw, can be used as a feedback signal to reflect the torsional vibration characteristics of
the elastic wrench moment axle and oscillation phenomenon of dynamic meshing force of gear
transmission system. Additionally, the fluctuation of the drum load could be diminished by
controlling the drum speed, thereby suppressing the dynamic meshing force of the gear
transmission system to some extent. Then, on the basis of these dynamic load characteristics of
the gear transmission system, the control strategy based on motor torque compensation is proposed
with an aim of suppressing the dynamic load of the transmission system. Furthermore, the
suppression effect on the dynamic load of the shear cutting transmission under an impact load is
analyzed.

4.1. Active control strategy for suppressing the dynamic load of the gear transmission system
4.1.1. Direct torque control model

As the cutting motor of the traditional drum shearer is an asynchronous motor without control,
the cutting motor is controlled using a direct torque control (DTC) system, which has the
advantages of strong robustness to parameter variations, a fast dynamic response, etc. The DTC
scheme only needs two hysteresis comparators and a switching vector table for both the flux and
torque control [24]. Utilizing the speed difference between the target speed and the actual speed
as input variable of the PI controller, the motor target electromagnetic torque can be calculated by
the PI controller in real time. The diagram of the structure and principle of the DTC as showed in
Fig. 18.
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v ~EY dy
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Speed o — 8% )l Source
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a) —A—b\mverter
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Encoder
/Sensor

Induction Motor

Fig. 18. Diagram of structure and principle of the DTC

The stator flux can be estimated based on the stator voltage and stator current, which is given
by:

bs = [ + P2 (10)
where Ygq = | (Ugq — isqRs)dt and Ysq = f (usq - ists)dt.
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The expressions for the estimated electromagnetic torque and angle between the stator and
rotor flux are:

. 3p . .

Tne = EE (lpsdlsq - Izljsqlsd)' (11)

0,(k) = arctan h. (12)
sq

4.1.2. Active control strategy based on motor torque compensation

In order to suppress the dynamic load of the gear transmission system under an impact load,
an active control strategy based on motor torque compensation is proposed based on several
factors including the basis of the given target electromagnetic torque from the PI controller of the
DTC and additional torque that is opposite of the direction of torsional vibration of the elastic
wrench moment axle load. Therefore, the dynamic load of the gear transmission system can be
suppressed by controlling motor electromagnetic torque. The detailed contents of the control
strategy are constructed as follows: (1) using the actual motor speed as a feedback signal, generate
the electromagnetic torque T, to decrease the fluctuation of the drum load; and (2) using the speed
difference Aw, as a feedback signal, generate the electromagnetic torque T,, to suppress the
torsional vibration of the elastic wrench moment axle load. Hence, the final target electromagnetic
torque T, is the sum of T, and T,,. The equation of the final target electromagnetic torque T, can
be written as:

Te =Ter + Tez, (13)

where T,; can be obtained from the PI controller of DTC, and T,, can be obtained after
performing a filtering and amplifying treatment on the speed difference Aw, of the elastic wrench
moment axle based on a band-pass filter. The diagram of the active control strategy for suppressing
the dynamic load of the gear transmission system is shown in Fig. 19. The main controller
parameters are shown in Table 2.

Drum _EEA[N——'_

Gear transmission system Cutting motor

Motor
Controller

$

@' Target motor speed

@, Actual motor speed

@), First stage gear speed
AD), Speed difference between

rotor and the first stage gear
of the high-speed side

Torque compensation controller
based on BPF

Fig. 19. The diagram of the active control strategy for suppressing
the dynamic load of the gear transmission system

Table 2. Main controller parameters

P =100; I =200; ; =1 web; w* = 1480 r/min;
Main controller parameters | Flux Hysteresis Band: 0.1web; Torque Hysteresis Band: 10 N-m;
Maximum switching frequency: 20000 Hz; K = 40
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4.2. Simulation results

The sudden changes of the cutting resistance A,, are the same as Fig. 13. Figs. 20-21 show the
curves for the dynamic meshing force between the first stage gear and idler gear at the high-speed

side, and the curves for the dynamic meshing force between the sun gear and planet gear at the
low-speed side, respectively.
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Fig. 20. Dynamic meshing force between the first stage gear and idler gear at the high-speed side

Table 3. Statistic results of dynamic meshing force at the high-speed side

under sudden increasing load condition

Minimum value | Maximum value | Mean value | Standard deviation
Motor without control 1.092x10* N 8.423x10* N | 3.663x10*N 8.177x10° N

The proposed control strategy 1.483x10* N 7.91x10*N | 3.642x10*N 5.083x103 N

Table 4. Statistic results of dynamic meshing force at the high-speed side
under sudden decreasing load condition
Minimum value | Maximum value | Mean value | Standard deviation
Motor without control 0.284x10*N 6.605x10*N | 2.167x10* N 4.677x10° N
The proposed control strategy | 0.755x10*N 4.661x10*N | 2.169x10* N 2.430x10° N

The simulation results show that the amplitude of the dynamic meshing force increases when
the cutting resistance A, abruptly increases. Subsequently, the oscillation amplitude gradually
diminishes. Compared with the traditional drum shearer whose cutting motor is not controlled,
adopting the active control strategy based on motor torque compensation can rapidly suppress the
dynamic load caused by a mutational external load. Furthermore, the elapsed time that is required
to reach steady state is much shorter. As shown in the Fig. 20(b), the elapsed time that is required
to reach steady state is 0.21 s and 0.23 s, respectively, which are much shorter than for the
traditional drum shearer. Additionally, the statistic results of the dynamic meshing force based on
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the time varying mesh stiffness at the high-speed side under both sudden increasing load condition
and sudden decreasing load condition are presented, respectively, as shown in Table 3 and Table 4.
The mean values are approximately equal before and after adopting the active control strategy,
however, the dynamic meshing force standard deviation of adopting the active control strategy
based on motor torque compensation is reduced approximately 37.83 % and 48.04 % compared
with the traditional drum shearer whose cutting motor is not controlled, respectively. This
confirms the effectiveness of suppressing the dynamic load of the gear transmission system. This
is because the active control strategy based on motor torque compensation using the actual motor
speed as a feedback signal, and on the basis of the given torque T,; from the PI controller of the
DTC, by adding an additional torque T, that opposes the direction of the torsional vibration of
the elastic wrench moment axle load, the fluctuation of drum load and torsional vibration of the
elastic wrench moment axle could be suppressed by controlling motor electromagnetic torque,
thus the dynamic load of the gear transmission system can be suppressed.
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Fig. 21. Dynamic meshing force between the sun gear and planet gear at the low-speed side
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Fig. 22 shows the curves for the motor electromagnetic torque compared with the traditional
drum shearer whose cutting motor is not controlled. Both the fluctuation amplitude and elapsed
time required for the motor electromagnetic torque to reach steady state are decreased significantly
based on the proposed active control strategy. Figs. 23-24 show the curves for the torsional
vibration of the elastic wrench moment axle load and drum load, respectively. The simulation
results show that the fluctuation of the drum load and torsional vibration of the elastic wrench
moment axle are suppressed. Thus, the dynamic load of the gear transmission system is suppressed
rapidly and effectively. The dynamic characteristics of the gear transmission system of the drum
shearer when the cutting resistance A, decreases abruptly are similar to the dynamic
characteristics of the gear transmission system of the drum shearer when the cutting resistance A4,
increases abruptly and need not be repeated here.

In conclusion, compared with the traditional drum shearer whose cutting motor is not
controlled, the dynamic load of the gear transmission system caused by a mutational external load
can be rapidly and effectively suppressed by adopting an active control strategy based on motor
torque compensation.
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Fig. 23. Elastic wrench moment axle load
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5. Conclusions

In this paper, an electro-mechanical coupling model of the drum shearer cutting unit is
established including the motor model, the dynamic model of the gear transmission system, as
well as the drum load model. The influence law of the dynamic load of the gear transmission
system of the drum shearer cutting unit under an impact load is obtained in order to extend the
service life of the long-chain gear transmission system of the drum shearer cutting unit. On the
basis of the influence law of the dynamic load of the gear transmission system, the active control
strategy aims to suppress the dynamic load of the transmission system is proposed. Additionally,
the suppression effect on the dynamic load of the gear transmission system under an impact load

1898 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2017, VOL. 19, ISSUE 3. ISSN 1392-8716



2434. RESEARCH ON DYNAMIC LOAD CHARACTERISTICS AND ACTIVE CONTROL STRATEGY OF ELECTRO-MECHANICAL COUPLING POWERTRAIN
OF DRUM SHEARER CUTTING UNIT UNDER IMPACT LOAD. SHUAISHUAI GE, DATONG QIN, MINGHUI HU, YONGGANG LIU

is analyzed. Then the main conclusions are as follows:

1) The torsional vibration of the elastic wrench moment axle load and the oscillation
phenomenon of the dynamic load of the gear transmission system are caused by both
sudden-increasing and sudden-decreasing drum loads. Ultimately, the repeated impact load may
lead to fatigue damage of the gear transmission system and reduce the service life of the drum
shearer cutting unit. The speed difference Aw, can be used as the feedback signal to reflect the
torsional vibration characteristics of the elastic wrench moment axle and the oscillation
phenomenon of the dynamic meshing force of the gear transmission system.

2) The fluctuation of the drum load increases the dynamic meshing force of the gear
transmission system under the impact loads. According to the drum load characteristic, the
fluctuation of the drum load can be diminished by controlling the drum speed. Therefore, dynamic
meshing force of the gear transmission system can be suppressed to some extent.

3) Compared with the traditional drum shearer whose cutting motor is not being controlled,
the dynamic load of the gear transmission system induced by the mutational external load can be
rapidly and effectively suppressed by adopting the active control strategy based on motor torque
compensation. This confirms the effectiveness of the proposed control strategy. This study lays a
foundation for adaptive control of the gear transmission system of the drum shearer.
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