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Abstract - As a machine drive structure, a gear drive system can be subjected to impact loads,
affecting regular operation. The dynamics analysis of the gear drive system subjected to impact
loads can help to improve the safety of the gear drive structure. This paper briefly introduced the
basic structure of the two-stage acceleration gear transmission system and the corresponding
dynamics model and solved the equation of the dynamics model with the numerical iteration
method of computers to realize the simulation calculation of the gear drive system. Simulation
experiments were conducted on the two-stage acceleration gear in MATLAB software to test the
shaft torque and shaft torsion angle under the two impact loads, a sudden increase in load, and a
sudden increase in power source speed. The results showed that when the load suddenly increased,
the shaft torque and shaft torsion angle of the gear shaft increased suddenly, and the oscillations
attenuated until they stabilized; the stabilized shaft torque conformed to the drive torque of the
load torque on different shafts, and torsion angle of the power shaft was the largest, followed by the
load shaft and drive shaft; when the speed of the power source increased suddenly, the shaft torque
and torsion angle of the gear shaft also increased suddenly, then decreased with oscillation
attenuation, and eventually stabilized at the original values.
Keywords: Gear drive, Impact load, Dynamics model, Numerical calculation.

1. Introduction
The drive shaft-gear structure is a typical machine
drive structure. Using gears of different sizes and the
drive shaft between the gears can amplify or reduce
the rotation speed of the power source, which is
considered an effective means of speed control [1].
Gears between different shafts can transmit force by
alternating contact between pairs of teeth, while
gears of the same shaft can transmit force through
the drive shaft. If the tooth shape of a gear is an ideal
involute and the gear material is rigid, then the gear
will not generate vibration during the meshing and
rotation [2]. However, in reality, as the ideal involute
cannot be achieved in tooth shape, and there is also
no rigid body in a real sense, the gear will generate
vibrations during the drive process, and these
vibrations will negatively affect the gear and the
drive shaft, reducing the service life of the drive
shaft-gear structure. In addition, in the actual use of
the gear drive structure, situations that will
instantaneously change the load of the drive shaft,
such as emergency stop and acceleration, will
produce impact loads to the gear drive structure.
The gear drive structure is generally designed
considering the maximum steady-state static
strength, i.e., the prerequisite is that the gear drive
structure works in stable conditions [3]. However,
when subjected to impact loads, the gears will
generate large negative accelerations within a short

period of time, which may exceed the design
strength of the components and lead to component
damage. Therefore, the dynamic analysis of the gear
drive structure under impact loads is beneficial to
improving the stability of the gear drive structure.
Xia et al. [4] established a nonlinear dynamics model
of spur cylindrical gear pairs and applied the RungeKutta numerical method to study the bifurcation and
chaotic characteristics of the system under light and
heavy loading conditions respectively. The results
showed that as control parameters changed, the
system experienced various types of motion states
under different loading conditions. Kalay et al. [5]
proposed a special test device and experimental
method to examine the effect of asymmetric profile
on impact strength and found that the proposed
device and method were effective in measuring the
impact strength of asymmetric involute gears. Zhang
et al. [6] developed a nonlinear dynamics model of a
gearbox to study the wear characteristics of the
gearbox and compared the frequency domain values
of gear wear with experimental data. The results
showed that the gear tooth contact temperature
reduced the time-varying meshing stiffness, which in
turn affected the system dynamics, the stability
decreased with the increase of the comprehensive
drive error, and the chaotic motion occurred earlier
and spread to a larger region because of the gear
wear in the gearbox considering the contact
temperature. This paper briefly introduced the basic
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structure of the two-stage acceleration gear drive
system and the corresponding dynamics model first
and then solved the dynamics model equation with
the numerical iteration method of computers to
realize the simulation calculation of the gear drive
system. Eventually, a simulation experiment was
performed on the two-stage acceleration gear in
MATLAB software.

2. Gearing System
2.1 Gear Drive Structure and its Dynamics
Model

Assuming that the gears and shafts are rigid bodies,
the dynamics model of this two-stage variable speed
gear can be constructed by considering only the
torque transfer and using the torque balance
equation [8]. However, the actual gears and shafts
are not rigid, so the dynamics modeling of the twostage variable speed gear requires a combination of
the elastic mechanics and torque balance equation
and takes into account the torque loss due to gear
mesh and drive shaft torsion during the torque
transfer. Figure 2 shows the dynamics model of the
two-stage variable speed gear after combining
elastic mechanics [9] and torque balance, and its
mathematical equation is:
TP = J 0 0 + Cs1 ( 0 − 1) + K t1 ( 0 − 1 )
C (  −  ) + K ( −  ) = J  + R C ( R   − R  ) + R K ( R  − R  )
t1 0
1
1 1
1 m12 1 1
2 2
1 m12 1 1
2 2
 s1 0 1
R1Cm12 ( R11 − R2 2 ) + R1K m12 ( R11 − R2 2 ) = J 2 2 + Cs 2 ( 2 − 3 ) + K t 2 ( 2 − 3 )

Cs 2 ( 2 −  3 ) + K t 2 ( 2 − 3 ) = J 33 + R3Cm34 ( R33 − R4 4 ) + R3 K m34 ( R33 − R4 4 )
R3Cm34 ( R3 3 − R4 4 ) + R3 K m34 ( R3 3 − R4 4 ) = J 4 4 + Cs 3 ( 4 − 5 ) + K t 3 ( 4 − 5 )

TL + Cs 3 ( 4 −  5 ) + K t 3 ( 4 −  5 ) = J 55

(1)

where T P refers to the input end torque of power
shaft 1, T L refers to the output-end counter-torque
of load shaft 3, J 0 refers to the equivalent rotating
Figure 1: Schematic diagram of the three parallel
shafts-gear structure
The drive shaft-gear structure has various
combination types as a typical machine drive
structure. The relatively simple three parallel shaftsgear structure [7] is selected to facilitate the study,
and its structural schematic is shown in Figure 1.
According to the ratio of the diameters of the four
gears in Figure 1, this drive shaft-gear structure is a
two-stage gear acceleration drive shaft system
structure. Since the diameter of gear 1 is larger than
that of gear 2, the angular speed of gear 2, which is
the driven gear, will be larger than that of gear 1;
gear 2 and gear 3 have the same shaft, so their
angular speed is the same; the diameter of gear 3 is
larger than that of gear 4, so the angular speed of
gear 4 is larger than that of gear 3; the angular speed
of the load that has the same shaft as gear 4 is
accelerated twice compared to gear 1.

Figure 2: The dynamics model of a two-stage variable
speed gear with three parallel shafts
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inertia of shaft 1 input end, J 5 refers to the
equivalent rotating inertia of shaft 3 output end,
J 1 ~ J 4 refers to the equivalent rotating inertia of
gear 1~4, C s1 , C s 2 , and C s 3 are the torsional
damping of shaft 1, 2, and 3, K t1 , K t 2 , and K t 3 are
the torsional stiffness of shaft 1, 2, and 3, C m12 and

C m34 are the meshing damping between gears 1 and
2 and between gears 3 and 4 [10], K m12 and K m34
are the meshing stiffness between gears 1 and 2 and
gears 3 and 4, θ 0 and θ1 are the angular
displacements of the input and output ends of shaft
1, θ 2 and θ 3 are the angular displacements of the
input and output ends of shaft 2, θ 4 and θ 5 are the
angular displacements of the input and output ends
of shaft 3, and R1 , R 2 , R 3 , and R 4 are the reference
radii of gears 1, 2, 3, and 4.

2.2 Solving the Gear Dynamics Model
In the above text, the dynamics model of the twostage variable speed gear of three parallel shafts is
constructed after incorporating the elastic
mechanics, and the corresponding dynamics model
equation set is given. By solving equation set (1), the
impact response characteristics of the gear under the
impact load can be effectively analyzed. Since the
gear dynamics model equation set is differential
[11], and the number of parameters involved in the
relatively simple structure of the two-stage variable
speed gear set alone is already large, let alone more
complex gear drive structures. Therefore, the
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computational effort to directly solve the dynamics
differential equation set is huge.

Table 1. Parameters related to gears and shafts in a
two-stage variable speed gear drive system
Gear Structure Rotational Number Meshing Meshing
number inertia
of
stiffness damping
kg·m2
teeth/n N/m

Figure 3: Basic flow for numerical calculation of the
gear dynamics model equation
With the improvement of computer performance,
the dynamics differential equation set is solved more
often by performing simulation calculations on the
gear drive system by the numerical iteration of
computers. The basic process is shown in Figure 3.
① The fixed parameters in the gear drive system
are set, including the rotational inertia, the torsional
stiffness and damping of the shaft, and the meshing
stiffness and damping of the gears.
② Time step length Δt of one iteration for
iterative numerical calculation and the maximum
iteration times are set.
③ The initial motion state of the gear drive
system, including angular velocity, angular
displacement, and angular acceleration, was set.
④ The response of the gear system after one
time step is calculated:

t
 
 n +1 =  n + 2 ( n +  n+1 )
,

1
−
2

2
2
 =  + t   +
t + t  n+1
n
n
 n +1
2

Gear 1

0.00065

30

Gear 2

0.00045

20

Gear 3

0.00064

30

Gear 4

0.00044

15

Gear Structure
shaft number

1.26 ×
109

6.3

1.12 ×
109

6.2

Torsional stiffness
N·m/rad

Torsional
damping

Shaft 1

4.43 × 104

1.6

Shaft 2

6.75 × 104

5.2

Shaft 3

3.25 × 104

1.2

The fixed parameters required for the simulation
of the two-stage variable speed gear drive system
using MATLAB software are shown in Table 1. Table
1 includes the rotational inertia of the gears, the
number of gear teeth, the meshing stiffness and
meshing damping between the intermeshing gears,
and the torsional stiffness and torsional damping of
the gear shaft. Before the numerical calculations,
time step length Δt was set as 0.1 s, and the
maximum number of iterations depended on the
simulation time required in the experimental
conditions [14].

3.2 Experimental Working Conditions
(2)

where θ n , θ n′ , and θ n′ are the current angular
displacement, velocity, and acceleration, θ n +1 , θ n′ +1 ,
and θ n′ +1 are the angular displacement, velocity, and
acceleration after one time step length, β is the
hidden parameter, which usually takes the value of
0.25. When β = 0.25, equation (2) is the average
acceleration method [12].
⑤ Whether the number of numerical iteration of
the gear drive system reaches the maximum value is
determined. If it does, the system response value of
the gear drive system varying with simulation time
during numerical iterative calculation is output; if it
does not, a time step length is added, and it returns
to step ④.

3. Simulation Experiments
3.1 Experimental Setup

Simulation experiments were carried out on the twostage variable speed gearing system in Figure 1 with
the MATLAB software [13] in a laboratory server.

Condition 1: The power source speed was
constant at 500 rad/min, and the load torque was
instantaneously loaded to 30 N·m after 2 s of no-load
operation. The shaft torque and the change of torsion
angle per unit shaft length.
Condition 2: Under the no-load condition, the
power source ran steadily at 250 rad/min for 2 s and
then instantaneously increased to 500 rad/min. The
shaft torque and the change of torsion angle per unit
shaft length were recorded.
The shaft torque and the change in torsion angle
per unit shaft length recorded in the above
conditions were simulation results obtained by
numerical calculation in MATLAB. In order to ensure
the validity of the simulation results, the simulation
model for numerical calculation was validated. The
speed and internal load of the gear drive system
remained constant or changed slowly during stable
operation, so the parameter variables in the system
that changed with time were disregarded. Therefore,
the static analysis [15] was used to calculate the
steady-state parameters of the gear drive system,
such as shaft torque, gear speed, gear meshing force,
and meshing frequency, and they were regarded as
theoretical values to verify the calculation results of
the simulation model. In the validation, condition 1
was adopted, and the data obtained when the load
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operated stably were compared with the theoretical
values to verify the simulation dynamics model.

3.3 Experimental Results
Before the numerical calculation for the two
conditions using the gear drive system simulation
dynamics model, the validity of the simulation model
was verified to ensure the accuracy of the simulation
results. Table 2 shows the validation results of the
simulation model after the load stabilization in
condition 1. The validation results included the shaft
torque and shaft speed of the three shafts, and the
theoretical values of the two are obtained under the
static analysis. It was noticed in Table 2 that the
maximum error of shaft torque was 0.11% and the
maximum error of shaft speed was 0.10% when the
gear drive system was in the steady state, i.e., under
the impact load caused by the instantaneous
increase of load torque in condition 1, the shaft
torque and shaft speed were not much different from
the theoretically calculated values after stabilization,

which verified the validity and accuracy of the
simulation dynamics model.
Table 2. Validation results of the simulation dynamics
model
Drive shaft
Shaft
Shaft
Shaft 3
1
2
The simulation result 89.97 59.93
30.00
of the steady-state
torque N·m
The
theoretical 90.00 60.00
30.00
result of the steadystate torque N·m
Torque error/%
0.03
0.11
0.00
The simulation result 500.00 749.25 1499.70
of the steady-state
speed rad/min
The
theoretical 500.00 750.00 1500.00
result of the steadystate speed rad/min
Rotational
speed
0.00
0.10
0.02
error/%

Figure 4: Variations of the shaft torque and torsion angle per unit shaft length in condition 1
Figure 4 shows the variations of the shaft torque
of the three shafts and the torsion angles per unit
shaft length when the load torque increased
suddenly from 0 to 30 N·m in condition 1. It was
seen from Figure 4 that the gear drive system was
operating stably under the no-load condition, and
the torque of the three shafts and the torsion angles
per unit shaft length were 0 in the first two seconds;
after 2 s, i.e., after the load suddenly increased, the
shaft torque and torsion angle both increased

suddenly, and the oscillations attenuated until they
stabilized.
After stabilization, the shaft torque of shaft 1 (the
power shaft) was 89.97 N·m, and the torsion angle
per unit shaft length was 0.0061 rad/m; the shaft
torque of shaft 2 (the drive shaft) was 59.93 N·m,
and the torsion angle per unit shaft length was
0.0011 rad/m; the shaft torque of shaft 3 (the
bearing shaft) was 30.00 N·m, and the torsion angle
per unit shaft length was 0.0031 rad/m.

Figure 5: Variations of the shaft torque and torsion angle per unit shaft length in condition 2
Figure 5 shows the variations of the shaft torque
of the three shafts and the torsion angles per unit
50

shaft length when the power source speed increased
suddenly from 250 rad/min to 500 rad/min under
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no load condition in condition 2. It was seen from
Figure 5 that although the gear drive system was in a
no-load state, the sudden increase of the power
source speed made the shaft torque also increase
suddenly, the gear shaft that was not rigid twisted
under the action of the increased shaft torque, and
the torsion angle per unit shaft length increased.
Although the rotational speed of the gear drive
system increased, it was still in a no-load condition.
To stabilize the system, the shaft torque had to
return to 0 at the no-load condition. Oscillation
attenuation occurred in the process of shaft torque
reduction, and the shaft torque stabilized at 0 finally.
As the shaft torque decreased, the torsion angle per
unit shaft length also decreased, and the oscillation
attenuation also occurred, but it stabilized at 0
eventually.

4. Conclusion
This paper briefly introduced the basic structure of
the two-stage acceleration gear drive system and the
corresponding dynamics model and solved the
equation of the dynamics model with the numerical
iterative method of computers. A simulation
experiment was performed on the two-stage
acceleration gear in MATLAB software to test the
variations of the shaft torque and shaft torsion angle
under two impact loads, i.e., the sudden increase of
load and the sudden increase of power source speed.
The following results were obtained. The parameters
obtained from the static analysis of the gear drive
system were used as the theoretical values to verify
the validity of the simulation dynamics model; the
shaft torque and speed calculated by the steady-state
dynamics model were almost the same as the
theoretical values, verifying the effectiveness of the
dynamics model. In the condition of constant power
source speed and sudden increase of load, the shaft
torque and shaft torsion angle of all three shafts
increased suddenly, and then the oscillation
attenuation occurred; the stabilized shaft torque met
the drive ratio, and the torsion angle of the power
shaft was the largest, followed by the bearing shaft
and drive shaft. In the condition that the load was
zero and the speed of the power source increased
suddenly, the shaft torque and shaft torsion angle of
the three shafts increased suddenly and then
decreased with oscillation attenuation but finally
stabilized, and the shaft torque and shaft torsion
angle were 0 after stabilization.
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