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RESEArCH ON MECHATrONICS INTEGrATION MODELLING AND COUPLED DYNAmIC 
CHArACTErISTICS IN A SHEArEr CUTTING SECTION GEArBOX

The time-varying mesh stiffness (TVMS) and static transmission error (STE) are the main dynamic 
load excitation forms in the shearer cutting section gearbox (SCSG). The gearbox comprises two-stage 
planetary gear sets and multi-stage parallel gear sets. The structure of the multi-stage transmission and its 
rich internal dynamic excitation result in unique and complex dynamic behavior. In this paper, a coupled 
mechatronic integration dynamic model for SCSG and motor is developed, in which the multi-stage 
coupling excitation effects caused by gear mesh stiffness and static transmission error are fully simu-
lated, thereby clarifying the interaction mechanism between the motor and transmission system. Based 
on the simulation model, the dynamic load characteristics of the SCSG are studied. The results show that 
load-sharing performance is improved with the increases of drum torque in the planetary gear sets (PGSs), 
which indicates that the load-sharing performance of the planetary gears can be effectively guaranteed 
in the process of increasing the coal mining rate. Through the combination of numerical simulation and 
experimental research, it is verified that the simulated signals are consistent with the experimental data for 
motor current. Meanwhile, relying on the proposed mechatronics model, extensive vibration information 
of the gearbox can be identified through the stator current signal. These results reference the vibration 
response analysis and signal monitoring of complex transmission systems.
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1.	I ntroduction

Coal is one of the main sources of energy. The double-drum shearers are mechanised equip-
ment suitable for longwall coal mining. Its continuous and efficient working characteristics make 
it a broad application market and prospect in coal mining. The shearer-cutting section is the direct 
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operation mechanism of coal mining, and it is in harsh conditions of heavy load and impact for a 
long time. The research on its dynamic characteristics is of great significance to the working life of 
shearers and the efficiency of coal mining. Shearer cutting section gearbox (SCSG) is a complex 
transmission system consisting of two-stage planetary gear sets (PGSs) and multi-stage parallel 
gear sets. Time-varying mesh stiffness (TVMS) and static transmission error (STE) are typical 
forms of internal excitation in gear transmission systems. During the meshing transmission 
process between the planet and sun, as well as the planet and ring, complex dynamic behaviours 
will be generated because of these excitation effects in the PGSs. At the same time, each stage 
meshing transmission of gear pairs in parallel gear sets would also produce vibration and noise 
with different amplitudes due to these internal excitations. When these dynamic responses are 
coupled and superimposed among various stages of the transmission system, extremely complex 
multi-source coupled dynamic behaviours are formed inside the SCSG.

Nomenclature

cjpn	 –	 mesh damping between central gears and planets (j = r, s)
cjx, cjy	 –	 bearing damping of central members (j = c, r, s) 
cp	 –	 bearing damping of planets 
cju	 –	 torsional damping of central members (j = c, r, s)
cISl	 –	 coupling damping of intermediate shafts at each stage (l = 1, 2, 3)
cHS	 –	 coupling damping of high-speed shaft
ci,i+1	 –	 mesh damping of parallel gear pairs
crox, croy	 –	 bearing damping of the rotor
Cb, Cm(t)	 –	 bearing damping matrix and mesh damping matrix of the system
ei,i +1	 –	 static transmission error of parallel gear pairs
ejpn	 –	 static transmission error between central gears and planets (j = r, s)
fn1, fn2	 –	 mesh frequency of the first and second stage parallel gear sets
fm3, fm4	 –	 mesh frequency of the third and fourth stage planetary gear sets
fe	 –	 power supply frequency
F(t)	 –	 internal excitation vector of the system
Gi	 –	 multistage parallel gear (i = 1, 2, …, 8)
GBi	 –	 bearings for multi-tage parallel gear (i = 1, 2, …, 8)
Ij	 –	 moment of inertia for central members and planets (j = c, r, s, p)
Iro	 –	 rotor inertia
I(t)	 –	 stator and rotor current vector
kjpn	 –	 mesh stiffness between central gears and planets (j = r, s)
kjx, kjy	 –	 bearing stiffness of central members (j = c, r, s)
kp	 –	 bearing stiffness of planets
kju	 –	 torsional stiffness of central members (j = c, r, s)
ki,i +1	 –	 mesh stiffness of parallel gear pairs
krox, kroy	 –	 bearing stiffness of the rotor
kHS	 –	 coupling stiffness of high-speed shaft
kISl	 –	 coupling stiffness of the intermediate shafts at each stage (l = 1, 2, 3)
Ki,i +1	 –	 meshing stiffness matrix of parallel gear sets
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system. An electromechanical model was established to determine electrical parameters in the 
cutting process, and the interaction between electrical and mechanical subsystems was explored. 
Based on the electromechanical model, Bai and Qin et al. [20,21] fully considered the effects of 
external excitations, such as voltage transient and internal excitations and time-varying meshing 
stiffness and damping. The study found that voltage transients can have a significant impact on 
the dynamic characteristics of electromechanical systems, and thus proposed reasonable sugges-
tions to improve their stability. They also studied the electromechanical coupling problem caused 
by the interaction between the motor and gear system. They predicted an effective method for 
detecting asymmetric voltage sag conditions through frequency analysis of the electromechanical 
system. The research on electromechanical systems mainly focuses on the interaction relationship 
between mechanical and electrical systems, and the impact of motors on transmission systems. 
Furthermore, outstanding achievements have been made in selecting design parameters, optimis-
ing dynamic performance and improving the stability of the electromechanical coupling system.

In summary, scholars have carried out a lot of in-depth research on planetary gear dynam-
ics and the mechatronics model of motor gearbox, which provides a reference for the dynamic 
analysis of the multi-stage gear transmission system of SCSG. At present, little attention is paid to 
the influence of internal dynamic excitations such as TVMS and STE, so it is difficult to compre-
hensively obtain complex vibration information inside the SCSG. This paper intends to develop 
a coupled dynamic model with two-stage planetary gear sets and multi-stage parallel gear sets in 
the SCSG. The dynamic model will simulate the multi-stage coupling excitation effects caused 
by the TVMS and STE. It will also explore the interaction mechanisms between the motor and 
the transmission system. Additionally, using the electromechanical coupling model, the study 
will identify vibration information within the SCSG through motor current signature analysis.

2.	C oupled dynamic model of the SCSG

This paper takes the cutting section of the shearer as the research object, as shown in Fig. 1, 
which is a complex electromechanical system composed of the motor, multi-stage parallel gear 
sets and two-stage PGSs. This section mainly establishes the lumped mass model of planetary 
gear sets, parallel gear sets and the dynamic model of asynchronous motor, where the dynamic 

Fig. 1. Three dimensional model of the shearer cutting section 
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Fig. 12. Vibration displacement and time relation of center components for the fourth-stage PGS in the x  
and y directions: (a) vibration displacement in the y direction, (b) vibration displacement in the x direction

4.2.	D ynamic meshing force analysis

The fourth-stage carrier of the SCSG is coupled with a spiral drum, and the dynamic load-
sharing behaviour of two-stage PGSs directly determines the service life of the SCSG. The time 
history curves of the dynamic meshing force between the planet and ring in two-stage PGSs are 
presented in Fig. 13. It can be seen from Fig. 13 that dynamic meshing forces exhibit periodic 
fluctuations in the PGSs, and the vibration period is the rotation period of the carrier. The dy-
namic force level of the fourth-stage PGS is higher, with a peak value of about 2.74 times that 
of the third stage. The load sharing of different gear pairs is not uniform in a planetary gear set.

Fig. 13. Dynamic meshing force for planet-ring in two-stage PGSs: (a) meshing force Frn
(3) (n = 1, 2, …, N) 

for third-stage PGS, (b) meshing force Frn
(4) (n = 1, 2, …, N) for fourth-stage PGS
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To further explore the sources and categories of dynamic excitation in the SCSG, frequency 
analysis is conducted for dynamic meshing force in two-stage PGSs. Fig. 14 demonstrates the 
frequency response of meshing force Fr1

(4) in the fourth-stage PGS. 

Fig. 14. Frequency response of meshing force Fr1
(4) in the fourth-stage PGS

It can be seen from Fig. 14 that signal energy fluctuation of dynamic meshing force for 
planetary gear is mainly caused by the excitation related to the meshing frequencies. For example, 
when the excitation frequency is 30 Hz, it excites the harmonic energy peak of dynamic force, 
and 30 Hz exactly matches the meshing frequency fm4 for the fourth-stage PGS. Similarly, when 
the excitation frequencies are 60 Hz (2fm4), 90 Hz (3fm4), and 180 Hz (fm3), harmonic energies 
of dynamic forces are also excited to a large extent. This indicates that TVMS and STE of spur 
gears are the main excitation sources for vibration signal energy.

It can be concluded that excitation frequencies of dynamic forces in fourth-stage PGS mainly 
include meshing frequency fm4 and its harmonic components, as well as coupling frequencies 
of all stages. At the same time, the frequency modulation phenomenon is formed with meshing 
frequency fm4 as carrier frequency and rotation frequency fc4 as the sideband. The modulation 
frequencies comprise ifm4 ± fc4 (i = 3, 4, 5), jfm3 ± fc4 (j = 1, 2, 3), fn2 + fm4 ± fc4, etc. 

Excitation frequencies of the third stage PGS are more abundant than that of the fourth 
stage, as shown in Fig. 15. The inter-stage coupling effect is more obvious for third-stage PGS, 
and the signal energies excited by meshing frequencies fm3, fm4 and their harmonics are more 
prominent. From the local focus of the spectrum, there is a frequency modulation phenomenon in 
the third-stage PGS, which takes each stage meshing frequency as carrier frequency and rotation 
frequency fc3 as the sideband. This also illustrates the multi-source and coupling characteristics 
of the excitation sources for the signal energies in multi-stage PGSs.
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In Fig. 23, the spectrum peak of the stator current appears at supply frequency fe, and the 
frequency modulation (FM) phenomenon occurs with supply frequency as the carrier and me-
chanical vibration frequency as the sideband. 

The sideband components include: Mesh frequency sidebands (| fn1 ± fe |) for the first-stage 
parallel gear sets, mesh frequency sidebands (| fn2 ± fe |) for the second-stage parallel gear sets, 
mesh frequency sidebands (| jfm3 ± fe |, j = 1, 2) for the third-stage PGS, mesh frequency sidebands 
(| ifm4 ± fe |, i = 1, 3, 5, 7) for the fourth-stage PGS, related terms of inter-stage coupling frequen-
cies ( |( fm3 + fm4) ± fe |, | ( fn1 – fn2) – fe |, |( fn2 – fm3) + fe |, fn1 – fm3 – fe), etc. 

Due to space limitations, Fig. 23 only presents frequency components ranging from 0 to 
500 Hz. It can be found from the current spectrum that there is a lot of vibration information 
related to the mechanical system in asynchronous motor current signal, which indicates that the 
motor current signal can be used to monitor the complex vibration in the SCSG.

6.	C onclusion

Taking the SCSG as the research object, detailed studies have been carried out on system 
dynamic modelling, internal dynamic excitation analysis, electromechanical coupling dynamic 
characteristics analysis and mechatronics experiment verification. The main research contents 
and conclusions include:

(1)	 The translation-torsional coupling dynamic model is developed for two-stage planetary 
gear sets and multi-stage parallel gear sets. Through the connection relationship between 
the motor and transmission system, a coupling mechatronic model is established between 
the multi-stage gear system and the motor. The matrix assembly method with inter-stage 
coupling is efficient for the simulation of large and complex mechanical models.

(2)	 The frequency response and order analysis of dynamic meshing force for two stage 
PGSs show that there exists a meshing frequency modulation phenomenon in the PGS, 
which takes meshing frequencies fm3 and fm4 as carrier frequency and rotation frequen-
cies fc3 and fc4 as the sideband. The LSC of planetary gear sets gradually approaches 1 
with the drum torque increasing, which indicates that load-sharing performance can be 
effectively guaranteed in the process of increasing the coal mining rate.

(3)	 Current signals of the motor are tested at different mining rates and have a good agree-
ment with the simulation value, thus verifying the accuracy of the simulation model. 
Subsequently, motor current signature analysis is conducted by the mechatronics cou-
pling model. The peak of the current spectrum appears at supply frequency fe, and the 
frequency modulation (FM) phenomenon occurs with supply frequency as the carrier 
and mechanical vibration frequencies as the sidebands. These results indicate that stator 
currents can be used to monitor the vibration signal of the gearbox.
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