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Abstract As the integral component of various high-
end equipment, the dynamic characteristics of plane-
tary gear-motor coupling system (PMCS) is suscepti-
ble to the influence of electrical or mechanical
subsystems. Especially under complex non-steady
state and non-ideal scenarios, the coupling mecha-
nisms between the gear transmission system and the
electrical system remain unclear. To address the
challenging issue, this study comprehensively takes
into account both the internal and external excitations
of the mechanical transmission system, and estab-
lished a planetary gear dynamic model that applicable
to analyze the dynamic response under various
unsteady conditions; Simultaneously, this study intro-
duces the Rotor Flux Orientation Control (RFOC)
algorithm, the Space Vector Pulse Width Modulation
(SVPWM), as well as the three-phase asynchronous
motor equivalent circuit model and inverter power
supply model. Then established the comprehensive
drive chain coupling model by combining with the
former planetary gear models. The correctness of the
model is verified by the simulation and experimental
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results of the PMCS under steady-state conditions.
Thereafter, this study uncovers the vibration-current
coupling mechanisms of the gear-motor system in
non-steady-state  conditions.  Furthermore, the
dynamic characteristics of the PMCS in non-ideal
scenarios are investigated. This work also provides
theoretical guidance for condition monitoring of the
whole electromechanical systems.
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coupling system - Unsteady state conditions - Non-
ideal state - Dynamic response

1 Introduction

The electromechanical coupling system (EMCS)
serves as a critical component in major equipment
such as wind turbines, new energy vehicles, port
equipment, and CNC machine tools [1, 2]. When
operating in harsh environments with complex and
variable conditions, the cyclic changes in rotational
speeds and loads can lead to the deterioration of gear
meshing conditions. This deterioration, in turn,
reduces the reliability of the equipment. The dynamics
of EMCS become increasingly complex. As the most
representative EMCS in large-scale equipment, it is of
paramount importance to establish a refined dynamic
model of electromechanical coupling that accounts for
various influencing factors. This model aims to
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comprehensively analyze the stability and dynamics
of the motor-gear coupling system under the complex
and variable working conditions. The ultimate goal is
to enhance the overall reliability of the system.

Existing research on EMCSs primarily focuses on
two key aspects: gear dynamics and monitoring/diag-
nosis of motor stator currents. In the field of gear
dynamics modeling, several notable contributions
have been made: Kahraman [3] considered several
manufacturing errors and assembly variations, estab-
lished a nonlinear dynamics model of the planetary
drive system, and investigated the load sharing
characteristics of the planetary drive system. Parker
et al. [4] considered different coordinate systems,
made corrections based on the Kahraman’s model, and
investigated the natural frequency spectra and vibra-
tion modes of planetary gears. Guo et al. [5] developed
a planetary gearbox dynamics model based on the
lumped parameter method by considering tooth sep-
aration, back-side contact, tooth wedging, and bearing
clearances based on Parker. In a certain speed range,
the nonlinear wedging behavior of the gear teeth
causes a very obvious impact on the bearing force.
Kim et al. [6] consider the effect of gear vibration on
the pressure angle and overlap of gears during
operation. Subsequent studies in dynamic modeling
of planetary drive systems have extended the above-
mentioned models. They consider additional factors
such as oil film stiffness [7, 8], ring gear flexibility
[9, 10], bearing misalignment [11], and gear failures
[12-15], resulting in more detailed and comprehensive
dynamic models. In the context of establishing gear
dynamic models, numerous scholars have developed
mature theories and provided numerous modeling and
analysis cases, whether employing lumped parameter
methods, finite element analysis, or rigid-flexible
coupling methods. These developments have laid a
theoretical foundation for the mechanical dynamics
modeling of the motor-gear EMCS. However, the
literature mentioned above tends to place substantial
constraints on the consideration of the driving part of
the gear transmission system. It commonly simplifies
it as a constant or fluctuating torque without account-
ing for the influences of electrical and motor systems.
Furthermore, these studies have not delved into the
coupling mechanisms of the motor-gear system,
particularly overlooking the exploration of coupling
effects from the perspective of motor current
characteristics.
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Traditional methods of monitoring mechanical
equipment using vibration signals face challenges
such as noise interference, complex transmission
paths, and difficulties in sensor installation. Fortu-
nately, monitoring the status of drive systems using
motor current can address these issues effectively.
Motor Current Signature Analysis (MCSA) is a robust
method for monitoring motors and mechanical equip-
ment, and this method is an interference-resistant
method. In the field of MCSA, Feki et al. [16]have
utilized the d-g vector method to detect gear tooth
damage-related characteristics in current signals,
investigating the sensitivity of current signals to
different positions and shapes of tooth damage.
Ottewill et al. [17] applied a time-domain synchronous
averaging algorithm to gear-motor system condition
monitoring, confirming the effectiveness of this
method for current signal analysis through simulations
and experiments. Feng et al. [18] developed an AM-
FM model based on stator current, analyzing the
representation of localized faults on sun gears, planet
gears, and ring gears in the current signal. Further-
more, Chen et al. [19] established a phenomenological
model of motor stator current and introduced the
adaptive iterative generalized demodulation method
for current fault feature extraction, achieving good
results under variable operating conditions. Touti et al.
[20] utilized MCSA to extract monitoring signal
features for wind turbine systems, showing its effec-
tiveness even with low sampling rates and short signal
durations. Zhang et al. [21] proposed a hypergraph
convolutional neural network based on current time-
shifting addition, which successfully applied to intel-
ligent classification and identification of motor-gear
coupled system faults. Following this, Zhang et al.
[22] introduced a trustable intelligent fusion frame-
work based on modified graph convolutional net-
works, which integrates multi-channel current signals
for fusion diagnosis of electromechanical coupled
systems.

The aforementioned studies on planetary gear
system dynamics modeling and motor current charac-
terization problems have been somewhat isolated,
without considering their combined analysis. In the
context of the rapid advancement of wind power
equipment and new energy vehicles, the demands for
precision, stability, and vibration response of motor-
gear systems under dynamic conditions, including
acceleration and impact, have significantly increased.
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An isolated analysis of gear dynamics fails to account
for the interplay between the motor and its control
system, leading to limitations in providing accurate
system response predictions and a restricted ability to
optimize vibration responses. Therefore, it is imper-
ative to comprehensively address the impact of the
motor and its control system and establish a holistic
electromechanical coupling model for the motor-gear
system [8]. In this area, several pioneers have laid the
groundwork with their innovative research. For
instance, Liu et al. [23] introduced a herringbone
planetary gear set dynamics model suitable for ana-
lyzing variable-speed processes by incorporating
angular displacement in the gear meshing process.
Recognizing that the rotational speed of the planetary
gearbox is not very high, Bai et al. [24], building on
Liu’s work, omitted Coriolis and centripetal acceler-
ations in their modeling to investigate the impact of
pulse and stable loads on the electromechanical
coupled system. Yi et al. [25] established a transla-
tional-torsional dynamics model of a planetary gear
transmission system using the centralized parameter
method, considering a different coordinate system
from Liu’s approach. This model is suitable for
analyzing the dynamic characteristics of gear elec-
tromechanical systems under variable speed and load
conditions. Xu et al. [26] developed a coupled
dynamics model for multistage gearboxes, designed
for the analysis of variable-speed processes while
accounting for structural flexibility. They expressed
time-varying gear meshing stiffness and meshing
errors as angular displacement functions of gears and
investigated the dynamics of multistage gearboxes
during variable-speed operation. Han et al. [2] intro-
duced a magnetic equivalent circuits model and
created a coupled gear-motor dynamics model by
integrating the motor model and planetary driveline
torsion model. They analyzed the response character-
istics of gears in different tooth chipping fault states.
Shu et al. [27] established a multi-motor drive EMCS
and explored the electromechanical coupling charac-
teristics of the multi-motor system under varying
speed and load conditions through simulations and
experiments. Bilal et al. [28] utilized the elevated
energy method to correct time-varying gear meshing
stiffness and developed a fixed-axis gear-motor cou-
pling dynamics model. This model was thoroughly
verified in normal as well as fault states. Chen et al.
[29] established an electromechanical rigid-flexible

coupled dynamics model by considering structural
flexibility and magnetic saturation characteristics.
They analyzed the dynamic characteristics of the
model under varying loads and speeds.

In summary, the research discussed above has made
significant contributions to the modeling of motor-gear
systems and the study of their dynamic characteristics.
However, some of the studies simplified the gear
system into a basic torsional model with “three masses
and two axes,” which limits the in-depth exploration of
the dynamic response characteristics of the gear
system. Other studies, while performing detailed
modeling of the gear system, failed to account for the
impact of the inverter power supply in the electrical
domain and oversimplified the voltage at the motor’s
input. Furthermore, the representation of time-varying
meshing stiffness under variable speed conditions,
often depicted as a rectangular or trapezoidal wave,
may not accurately reflect the true time-varying nature
of the gearbox’s meshing stiffness. Consequently, the
resulting dynamic responses may contain inaccuracies.
Additionally, the effects of non-ideal working condi-
tions, such as inverter switching tube open circuits and
power shortages, on the dynamic characteristics of the
gear-motor coupling system have received limited
attention in existing research.

To address these issues, this paper proposes a
planetary drive system dynamics model, which can be
used to analyze variable speed processes by consid-
ering the internal and external excitation factors, such
as time-varying gear mesh stiffness, bearing support
stiffness, mesh error; At the same time, a model for the
equivalent circuit of a three-phase induction motor is
proposed, and a control algorithm based on spatial
voltage vectors and a power model for the inverter are
introduced. This is then combined with existing
translation-torsion models for gear and the complete
drive chain of the electromechanical system. The final
model is verified for accuracy by analyzing the current
and vibration response of the system under steady-
state conditions. The mechanism of vibration-current
coupling of the gear-electromechanical system under
the non-steady state conditions such as uniform speed,
sudden change of the power supply frequency and
sudden change of the load is revealed, and the dynamic
characteristics of the electromechanical system under
the non-ideal conditions such as open circuit of the
switching tube of the inverter and lack of phase of the
power supply are further investigated. The main
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contributions of the proposed model for electrome-
chanically coupled systems are as follows.

(1) A comprehensive electromechanical coupling
model for the drive chain was developed by
integrating translation-torsion models with the
motor equivalent circuit model within the
electromechanical system.

(2) The coupling mechanism of current-vibration in
the system was revealed and the dynamic
characteristics under non-steady and non-ideal
scenarios was analyzed.

(3) Several experiments were conducted to investi-
gate the dynamics of the electromechanical cou-
pling system within the planetary driveline under
various operating conditions. These experiments
aimed to validate the accuracy and rationality of
the modeling across the time domain, frequency
domain, and time—frequency domain. The rele-
vant research results provide a better theoretical
basis for the condition monitoring of planetary
drive electromechanical coupling system.

The paper is structured as follows: Sect. 2 calculates
internal and external excitations under varying speed
conditions, incorporating factors like time-varying
gear mesh stiffness, bearing support stiffness, and
mesh error. In Sect. 3, a translational-torsional dynam-
ics model for the planetary drive system is developed
using the centralized parameter method, suitable for
analyzing variable operating conditions. It also estab-
lishes a refined coupled dynamics model for the
complex gear-electromechanical system, incorporat-
ing the equivalent circuit model of the asynchronous
motor, an inverter power supply model, and a space-
voltage vector control algorithm. Section 4 delves into
the vibration-current coupling mechanism of the gear-
motor system and validates the model’s accuracy
through comparisons of simulation and experimental
results under steady-state conditions. Section 5
explores the vibration-current coupling mechanism
of the electromechanical system under non-steady-
state conditions, such as constant speed operation,
sudden power supply frequency changes, and unex-
pected load variations, using simulation and experi-
mental results. In Sect. 6, the dynamic characteristics
of the electromechanical system are investigated under
non-ideal working conditions, including scenarios
such as three-phase inverter power supply switching
tube open circuits and power supply phase losses.
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2 Time-varying excitation analysis of EMCS
under variable operating conditions

2.1 Gear meshing stiffness analysis under variable
speed condition

The time-varying mesh stiffness (TVMS) is one of the
important internal excitations of a gear train. The
TVMS changes periodically due to the alternating
changes in the number of gear pairs during the meshing
process. In the past decades, scholars have carried out
extensive research on the calculation methods of gear
meshing stiffness [15, 30], among which, the energy
method with simple algorithm and obvious physical
significance has become the commonly used meshing
stiffness calculation method by most scholars. Further,
the improved energy method [12, 31] considers the
overcurve equation close to the actual one, avoids the
judgment of the number of meshing teeth in the process
of stiffness calculation, and can effectively improve
the calculation accuracy. Therefore, in this paper, the
stiffness excitation of the sun gear-planet gear and
planet gear-inner ring gear in the planetary transmis-
sion system is calculated by the improved energy
method. The structural parameters of the planetary
gearbox studied in this paper are shown in Table 1.

When the energy method is used to calculate the
TVMS, it is usually assumed that the potential energy
of the gear in the meshing process consists of five
parts: the Hertzian potential energy U, the bending
potential energy U, the radial compression variable
potential energy U,, and the shear variable potential
energy U,. Further, their corresponding stiffnesses can
be calculated separately. Combined with Fig. 1, the
corresponding Hertzian contact stiffness kj, bending
stiffness k;,, radial compression stiffness k,, and shear
stiffness k, can be obtained as Egs. (1)—(5).

nEL
ky=———~ 1
a1 =2 ()
ii/‘“ZS{l—i-cosrxl[(az—ocl)sinoc—cos]}z(ocz—a)cosocda
kp J s, 2EL[sino+ (ot —er)cosal’

(2)

1 /‘“2 1.2(1 4 v) (22 — @) cos o cos? o 3)

kg o EL[sino+ (o — ) cos o]
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Table 1 Planetary gearbox Parameters Sun gear Planet gear Ring gear Carrier
structural parameters

Tooth number 17 34(3) 88 -

Tooth width (mm) 26 30 30 -

Addendums (mm) 2.800 3.234 2.714 -

Dedendums (mm) 1.266 0.832 1.318 -

Base circle radius (mm) 31.950 63.899 165.386 -

Modification coefficient 1.234 1.667 1.182 -

Normal module (mm) 2 -

Pressure angle (°) 20 -

Young modulus (Pa) 2.06 x 10" -

Poisson ration 0.30 -

Mass (kg) 0.482 0414 2.202 6.310

Moment of inertia (kg-m?) 3.4 x 107 2.05 x 107 1.01 x 107 273 x 1072

Fig. 1 single tooth force analysis

ka

do (4)

1 /“2 (o — a) cos asin” o
_y 2EL[sin o+ (0 — o) cos o]

Since external-external gears undergo flexible
deformation of their base body during the meshing
process [31], it is essential to consider the flexibility
deformation stiffness of the gear base body when
calculating the overall stiffness, as shown in Eq. (5).
The parameters in the equation can be referenced from
the literature [31]. It is worth noting that since planet
gear-ring gear are external-internal gears, this type of
gears is only considered ky,, k, ks, k., in the process of
calculating the total stiffness, and the exact formula
can be referred to the literature [15].

1

2
L ORIy

kp=

(5)

The total meshing stiffness when a single pair of
gear pair meshes can be obtained by calculating each
of the above stiffnesses in series, as shown in Eq. (6).

1
[ ST SRS ST BRI BRI BRI ST ST
B TR T TRy TR TR TR TR TR
(6)
When two pairs of gear teeth are involved in

meshing at the same time, the meshing stiffness
formula is updated to Eq. (7).

ktotal =

2 1
kmml:ZiJ’» 1 +L+L+L+ 1 +L+ Ly 1
i=1 kni ke U okaa | kpa kag o kei ki 'Ok, k

a2, 12,0
(7)

where i = 1 denotes that the first pair of gear teeth are
engaged and i = 2 denotes that the second pair of gear
teeth are engaged.
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Fig. 2 sun gear-planet gear meshing stiffness

The sun gear-planet gear meshing stiffness is
obtained by calculation as shown in Fig. 2. To cater
to the diverse requirements of the real operation
environment, the working conditions of the transmis-
sion system are intricate and changeable. For instance,
when the motor undergoes start-stop cycles or operates
in a speed-regulation mode, the speed of the trans-
mission system exhibits time-varying characteristics.
At this juncture, continuing to employ traditional
time-dependent functions to depict the meshing stift-
ness would undoubtedly introduce challenges when
addressing the overall dynamics of EMCS. In the
practical operational setting of electromechanical
coupling equipment, the motor’s angular position is
typically known. Employing angle-related functions
to represent the meshing stiffness can enhance the
applicability of the electromechanical coupling
model, especially in non-steady state conditions.
Furthermore, to minimize the real-time computational
workload associated with meshing stiffness during the
simulation process and ensure that the changes in
meshing stiffness between components adhere to the
prescribed patterns under non-steady state working
conditions, we extend the angular domain representa-
tion of the calculated meshing stiffness in the form of a
Fourier series. The corresponding formula is presented
in Eq. (8) [25].

@ Springer
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I=1

oo
+> bopusin[1(Z,0pn—Z, 0, 47,7,
=1

(8)

where spn and rpn respectively denote the meshing
interaction between the sun gear and the nth planet
gear, the ring gear and the nth planet gear. 0,,
represents the rotational angle of the nth planet gear;
a and b are the coefficients of the Fourier series;
[ stands for the number of harmonics; Z,, Z; and Z,
correspond to the number of teeth on the planet gear,
sun gear, and ring gear, respectively.

To accurately represent the actual meshing stiff-
ness, we conducted a 100th order Fourier series fitting
to obtain the curve of meshing stiffness as a function of
the planet gear angle. The comparison between the sun
gear-planet gear stiffness curve derived from the
Fourier series fitting and the stiffness curve calculated
using the energy method is illustrated in Fig. 2. From
the comparison curves, it is evident that the error
between the fitted meshing stiffness and the meshing
stiffness calculated by the energy method is minimal.
To assess this error, the determination coefficient R?is
employed. The formula for determining the coefficient
is provided in Eq. (9). It is worth noting that the
determination coefficients for kg, and k,,, calculated
through the energy method and through fitting, are
0.971 and 0.964, respectively. This confirms the high
accuracy of the fitted stiffness, and its integration into
the electromechanical coupled dynamics model is
expected to enhance computational precision.

S (= 5)?
—1-5 9)

> (i =)

i=1 i=1

where y; represents the gear pair mesh stiffness
obtained through energy method; y is the gear pair
mesh stiffness acquired through Fourier series fitting;
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Fig. 3 TVMS of gears under variable speed conditions

y denotes the average gear pair mesh stiffness
determined through energy method calculation. The
coefficient of determination, R%, measures the good-
ness of fit, with a higher value indicating a better fitting
effect. The optimal value for R? is 1, representing a
perfect fit.

Under variable speed conditions, the meshing
stiffness exhibits the time-varying characteristics. In
this context, we consider three operating scenarios:
linear speed-up, linear speed-down, and speed regu-
lation. The TVMS under variable speeds is calculated
through fitting, as depicted in Fig. 3. The advantage of
adopting this fitting method is that it obviates the need
for knowledge of the input shaft’s speed, and the
meshing stiffness adapts itself in accordance with the
motor input speed. This aligns with the actual
operational process of the motor-gear system. More-
over, unlike much of the existing work that approx-
imates TVMS as a trapezoidal or rectangular wave,
our approach bridges the gap between approximation
and actual calculation. We utilize the coefficient of
determination to evaluate this measure, ensuring a
high degree of accuracy in fitting the stiffness. This, in
turn, enhances the precision of subsequent dynamic
calculations.

2.2 Time-varying bearing stiffness

The traditional approach to analyzing the dynamics of
planetary gears has typically treated bearing support
stiffness as static support stiffness. However, in the
actual operation of planetary gearboxes, different
numbers of rollers in the bearings are alternately
engaged, leading to time-varying bearing support
forces. Among these, the time-varying support stiff-
ness of the sun gear bearing in the planetary gearbox

Outer race

Fig. 4 Bearing analysis model

has the most significant impact on the overall system
dynamics. Therefore, this study fully incorporates the
time-varying support stiffness of the sun gear into the
modeling process. Specifically, the time-varying sup-
port stiffness of the bearing is modeled using Hertzian
contact theory, as illustrated in Fig. 4. The calculation
process is based on the following assumptions: (1) no
relative sliding occurs between the shaft and the inner
ring; (2) there is no relative sliding between the rolling
element and the raceway; (3) the outer ring of the
bearing is rigidly connected to the gearbox body; and
(4) the rolling element undergoes deformation only
when subjected to compression.

Taking into account the aforementioned assump-
tions, the deformation of the bearing primarily results
from the contact deformation between the rollers and
the inner/outer rings. The contact deformation of the
ith rolling element can be represented as:

@ Springer
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Opi = Xp COS ; + yp sin ¢;
| ’

2
by ="(i—1)+0., (i=12,...N)
N,

where x;, and y, represent the displacements of the
center of the inner ring of the bearing in the x and
y directions, respectively. ¢, signifies the angular
position of the bearing rollers; N, denotes the number
of rollers in the bearing; 0, represents the rotation
angle of the inner ring of the bearing.

In accordance with Hertz contact theory, the
dynamic bearing force resulting from the contact
deformation can be expressed as:

Fbx:Kc%(xbcos¢i+bein¢i)3/2H(5bi)COS¢i
i;hl ( 1 1)

Fby:KCZ('xbcos¢i+)’b5in¢i)3/2H(5hi)Sin¢i

i=1

where Kc represents the Hertzian contact stiffness,

which is dependent on the bearing material and contact

shape. H(J,;) is the Heaviside function used to

determine whether contact deformation occurs in the

ith roller. It equals 1 when the roller deformation J,; is

positive and O otherwise.

From Eq. (11), it is evident that calculating the
dynamic bearing force requires the outcomes of the gear
dynamics model. Conversely, to solve the dynamics
model, the dynamic bearing force must be determined,
creating a mutual coupling between the two. Directly
employing dynamic bearing force calculation would
pose greater challenges in modeling the planetary gear
system. In this context, dynamic bearing force is utilized
to compute the time-varying support stiffness of the
bearing. Subsequently, this time-varying support stiff-
ness is incorporated into the dynamics of the planetary
gear system to alleviate the modeling complexity. The
calculation of bearing time-varying support stiffness can
be performed using Eq. (12).

dex dex

_d¥y, | dx, dy,
K(1)], = ax | dFy,  dF (12)

dxp  dyyp

In the support stiffness matrix presented in the
above equation, the main diagonal elements are
significantly larger than the non-diagonal elements.
Consequently, the non-diagonal elements can typi-
cally be disregarded. The bearing support stiffness in
the x; and y,, directions can be represented as:

@ Springer

Np,
kbx:%KCZ (xpcos+ypsing;)/*H (8y)cos> ;
=l (13)

3 Ny
kb}’ZEKcZ (xpcose;+ypsing,) /> H(8y:)sin’ ,
i=1

2.3 Meshing error under variable speed condition

Owing to the presence of different errors in the
manufacturing, processing, and assembly processes,
the actual meshing tooth profile deviates from the ideal
theoretical meshing tooth profile. This discrepancy
serves as a primary internal excitation in the gear
system. The meshing error considered in this paper is
simplified to comprise the cumulative total deviation
of tooth pitch and the integrated tangential deviation
of a single tooth. It can be viewed as the sum of the
rotational frequency error and the meshing frequency
error when performing calculations. Its mathematical
expression is further formulated using the corner
function, as illustrated below [25]:

€(Opn,0:)=Eipnsin (Z,0pn+ 1,20, +Ci+7,,)
+Epnsin (O, — p;+1,,) (14)
+E;sin(0;—0.— (@, —o)+n;)

where 7, represents the phase difference between
internal and external meshing, and its value follows
the same pattern as in meshing stiffness. u denotes the
internal and external meshing coefficients, where
1 = — 1 signifies internal meshing, and u = 1 denotes
external meshing. £ and # stand for the initial phases of
the meshing error; E;,, refers to the synthesized
deviation in the tangential direction of one tooth of the
gear pair, representing the meshing frequency error.
E,, and E; represent the cumulative total deviation of
the pitch of the gears, signifying the rotational
frequency error.

3 Electromechanical coupled dynamics model

3.1 Planetary drive system translational torsional
dynamics models

This model assumes that the geometric and physical
parameters of the three planetary gears within the
planetary drive system are identical, while
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Fig. 5 Planetary gear
translational-torsional
model

disregarding the influence of the planetary gearbox
housings and the flexibility of the planetary carrier.
The meshing between gear pairs is simplified as a
spring with periodic variations in stiffness correspond-
ing to the angle of rotation. Considering the integrated
gear meshing error and the time-varying meshing
factor of the gears, the planetary gear translation-
torsion dynamics model is established using the
lumped parameter method. Each component in the
transmission system possesses two translational
degrees of freedom and one torsional degree of
freedom, the model has a total of 18 degrees of
freedom. Multiple coordinate systems are considered
in the modeling process: [25] (1) OXY is the fixed
coordinate system. (2) The moving coordinate system
oxy is attached to the planetary carrier. (3) The moving
coordinate system 0,,,X,,Y,, fixed on the planet gears.

In actual operation, the rotational speed of the
motor is not always predictable, necessitating its
consideration when modeling the planetary drive
system. The traditional modeling approach often treats
each internal and external excitation as a time-

dependent function. However, this approach is no
longer suitable for the electromechanical coupling
model, given that the motor’s output is typically
represented as rotational angle. The continued use of
time to represent corresponding excitation functions
would overly complicate the model and increase the
complexity of solving dynamics. Moreover, in non-
steady-state conditions, the motor’s speed may exhibit
uniform acceleration, uniform deceleration, sudden
changes, and other variations, which impose signifi-
cant limitations on the traditional planetary transla-
tion-torsion model. Hence, it is essential to account for
the influence of the motor angle in the modeling
process and modify the traditional translational-tor-
sional model. The modified translational-torsional
model introduces the angle of each component as a
degree of freedom in the torsional direction. Further-
more, all time-related excitation functions are adapted
into angle-related excitation functions, resulting in the
modified dynamics model illustrated in Fig. 5.

In Fig. 5, 6,, 0,, and 6. represent the angles of
rotation for the sun gear, ring gear, and planetary

@ Springer
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carrier in the geodetic coordinate system OXY,
respectively. Additionally, 0,, is the rotation angle
for the planet gear within the dynamic system
OpnXpnYpn- Ts denotes the input torque applied to the
sun gear, while T, represents the load torque acting on
the planetary carrier. This load torque results from the
elastic deformation of the motor shaft and the load
shaft. ¢, signifies the position angle of the nth planet
gear in the OXY coordinate system, calculated as
. = 2m(n — 1)/N.

Kahraman’s research [3] has demonstrated that
neglecting the time-varying characteristics of meshing
damping does not significantly impact the system’s
response. Therefore, in this paper, meshing damping is
considered to be a constant value, which can be
approximated as:

T 242 7.7
kmrbirij,JJ
rini + ],.]2‘]]

emij = 26, (15)
where ¢, represents the meshing damping ratio,
typically within the range of 0.03-0.17. k,, is the
average value of meshing stiffness; J; and J; are the
rotational inertia of the gear; r; and r; is the gear pitch
circle radius; r,; and r,; are the gear base circle radius.

Considering the geometric relationships outlined in
Fig. 5, we can derive the expressions for the meshing
deformations (Jyp,, 0,,,) between the sun gear and
planet gear, as well as between the ring gear and planet
gear. Additionally, their corresponding dynamic
meshing forces (Fy,,, F,,,) can be determined in the
moving coordinate system oxy as follows:

Sspn= (Xs —xp,,) sin(¢p,—o)+ (ys —yp,,) cos(p,—o)
+rs(05_96)+rp0pn_espn(9pn70 )

Orpn= (xr_xpn) sin( ¢, +o) — (ypn —y,)cos((p,,-‘roc)
+rr(0r_ec) _rpgpn_erpn(epmer)

F spn :kspn (Opn ) 5spn +Cspn Sxpn
Frpn :krpn (Opn ) 5}17}1 +Crpn 6rpn

(16)

Furthermore, considering the influences of tangen-
tial acceleration and Koch acceleration, Newton’s
laws for non-inertial systems are utilized to formulate
the equations of translational-torsional dynamics
model. The differential equations for the sun gear,
ring gear, the nth planet gear (n = 1,2,3), and planetary
carrier are sequentially presented in Eqs. (17)—(20):
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ms(xs 2ys9 xs< ()

+ k.\')c-x,\' + Csx-)é.\' =0

m, (y';+2xséc—ys(ef) 3,0 > FS Fonos(,-2).

n=1

> ZFSI’” sin(¢

+ksyys +Csyys =0

3
Jses+ZFspnrs:Ts

n=1

(17)

m, (x‘,fzy‘,éﬁx, (9{,)24@.) —iF,.pnsin(gonJrfx)
n=1

FK Xy +CreXr =0

my (}.}.r+2xréc_yr<ec> +Xy c) "’ZFrpnCOg (pn+0()

n=1
iy ey =0

3
Jrér7ZFrpnrr+krt(9r+gc)+Crt (0r+90> =0

=1
(18)
My (x;,—zynéc—xn (éc)z—ynéc) —Fypsin(g, —2)
+F SN (0, 40) 4K Opmex +ConOpnex =0
My, ()'f,, +25,0. —Yn (00) z—l—xnéc) —Fypcos(@,—a)

—Fpnc0s (@, +0) +KpnyOpney+Cpny Spncy =0
Jpnepn_Fspnrpn“‘Frpnrpn:O

(19)
m< 2)169( xr( ) >+kanx6pnor
N .
+ Z Cpnx 5pm'x +kcxx(' +c ('xx.c =0
n=1
mL(yC+2x(6F _YC( )+XL )+kam6pnr)
N .
+Zcpny 5pm‘y +kcyyc +Ccyyc =0
n=1
2 . N N .
(CRETNISLES TSRS e S
n=1 n=1
(20)
where 0., Op,, and O, represent the relative

displacements of the planetary gear and the planetary
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Table 2 Main parameters of three-phase asynchronous motor

Rated power (kW) 1.5
Rated voltage (V) 380
Magnetic pole pair Number (Np) 2

Stator Rotor
Resistance (Q) 0.42 0.84
d-q axis inductance (mH) 2 2
Moment of inertia (kg'mz) - 0.21
Mutual inductance (mH) 68

carrier in the X, y, and tangential directions, respec-
tively. These displacements can be determined using
the positional transformation relationship between the
coordinate system oxy and the coordinate system

OpnXpnYpn-

5p11x = Xc — Xpn
5pny = Ye = Ypn ) (21)
5pnt = (xpn - xc) sm e, — (ypn - yC) Cos @,

3.2 Three-phase asynchronous motor equivalent
model

A three-phase asynchronous motor primarily consists
of the stator, rotor, stator winding, and rotor winding.
When symmetrical three-phase current is applied to
the stator winding, it generates a rotating magnetic
field. As a result, the rotor conductor experiences
induced electromotive force by cutting through this
magnetic field, leading to induced current. The
interaction between the rotating magnetic field and
the current in the rotor conductor follows Faraday’s
law, resulting in electromagnetic torque that drives the
rotor’s rotation. Modeling the motor directly in the
three-phase stationary coordinate system introduces
numerous coupling parameters and makes it challeng-
ing to control motor parameters. Therefore, the d-
g axis equivalent circuit offers a more effective
solution, enabling the skilled decoupling of motor
parameters and reducing the complexity of motor
modeling. The parameters of the three-phase asyn-
chronous motor are presented in Table 2.

The d-g transformation, as illustrated in Fig. 6,
essentially involves mapping variables from the three-
phase stationary coordinate system ABC to the d-g

rotating coordinate system. This transformation
includes both the Clarke transformation and the Park
transformation. The Clarke transformation projects
variables from the three-phase stationary coordinate
system ABC into a new coordinate system called the
off coordinate system. In the off coordinate system, o
and f axes are orthogonal, but i, and iz are still
sinusoidal. While this transformation simplifies the
representation of the variables, it can still be chal-
lenging to use PID control. To overcome this
challenge, the next step is to transform them into
linear quantities, which is the task of the Park
transformation. Through the Park transformation, the
two-phase stationary coordinates o.ff are converted into
the rotating d-g coordinates. These coordinates rotate
at a speed of w,. This transformation simplifies the
mathematical model of a three-phase AC motor and
makes the control loop more intuitive. In summary, the
d-q transformation is a fundamental tool in motor
control, allowing for a more straightforward represen-
tation of motor behavior and improved control system
design.

Based on the transformation process described
above, the Clarke-Park transformation formulas can
be written as:

cosmgt cos|( st 2n cos| w H_Zn U,
s st Wy N

Uil _ ‘ 3 3 UA
U, B

. . 2n . 2n
—sinwgt —sin o)st—? —sin th—b—? Uc

(22)

W N

In the d-g-axis coordinate system, the d-g-axis
equivalent circuit model can be constructed using the
principles of circuit magnetic circuits and the coordi-
nate transformation relationship, as shown in Fig. 7. In
the figure, U, I, R, L, and ¥ are vector variables
representing voltage, current, resistance, inductance,
and magnetic flux, respectively. The subscripts s and r
of the vector variables correspond to the variables
associated with the stator and rotor of the motor, while
the subscripts d and g represent the components
projected in the d-q coordinates. L;; and L, are the
equivalent inductances of the stator and rotor in the d-g
coordinate system’s equivalent circuit, respectively.
L,, represents the stator-rotor mutual inductance, and
o, is the motor rotor’s angular velocity. The magnetic
chain equation, voltage equation, and electromagnetic
moment equation, derived from the d-q equivalent
circuit diagram, are shown in Egs. (23)—(25):
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Clarke
Transform

Park
Transform

Fig. 6 the schematic diagram of the d-g coordinate transformation

Rs Ws TS‘] L/S Llr (a)s-w,.) Sl/,‘q

d-axis
(a)

Fig. 7 Schematic diagram of equivalent circuit in d-q coordinate system

szd - (Ls + Lm)lsd + LmIrd
Y.y = (Lr + Lm)lrd + Linla (23)
"Psq = (Ls + Lm)lsq + Lmqu
LP”I = (Lr + Lm)lrl/ + Lmlaq
d
Usg = Rylsq + E‘Psd - wsLPsq
d
Ua =R/ 1q + *‘Prd - (wx - prr)lPrq
d (24)
Usy = Rilyy + =Wy + 0y,
d
Urg = Rilpg + =¥y + (w5 — Ny ) ¥
T, = 1.5N,(Wsalsg — Wsqlsg) (25)

3.3 Motor control models

Since the three-phase asynchronous motor model
involves more variables and has complex parameter
couplings, controlling the motor directly can be
challenging. Decoupling the motor system parameters
can alleviate this challenge, and vector control of
asynchronous motors offers a promising solution. In
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this paper, rotor magnetic flux directional control
mode is employed. In this control mode, the d — ¢
axis rotation frequency is equal to the current
frequency, and the magnetic flux ¥, on the rotor g-
axis remains constant at 0. Under these conditions, the
rotor magnetic flux and electromagnetic torque can be
simplified as shown in Eq. (26):

L, i
W, = o, + R, =4 (26)
Lr l//rd
L,,L,digy
= = L,i, 27
lpr lprd lsg + Rr dt ( )
Ly, .
T. =N, . Vyaisg (28)

r

Equation (27) reveals that when the rotor magnetic
flux and the direction of the rotor g-axis are always in
agreement, the magnetic flux ¥Yrq on the rotor g-axis
remains constant at 0. Under this condition, the rotor
magnetic flux on the d-axis is essentially the rotor
magnetic flux. It can be observed from the simplified
Eq. (28) that at this time, the rotor magnetic flux ¥, is
only related to the stator current component i,; on the
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Fig. 8 Schematic diagram of three-phase inverter power supply

d-axis. Furthermore, when using rotor magnetic flux
orientation, the electromagnetic torque 7, can be
simplified as shown in Eq. (28). From this equation,
it’s evident that the electromagnetic torque is solely
associated with the stator current component i, on the
g-axis. Therefore, employing rotor magnetic flux
orientation control for asynchronous motors can
reduce parameter coupling in the motor system. This
method allows separate adjustment of i;; and iy, to
control the rotor magnetic flux and electromagnetic
torque, thereby enhancing asynchronous motor
performance.

The motor’s vector control model is depicted in
Fig. 8. To ensure the actual current values swiftly
converge to the desired reference values, current loop
control is commonly employed. The current regulator
(ACR) typically incorporates a PI controller. Two PI
controllers are used to regulate the d-axis and the g-
axis, respectively. This approach aligns with the
projection of the three-phase stationary ABC coordi-
nate system into the rotating d-g coordinate system
during the modeling process. Similarly, to rapidly
bring the actual rotational speed closer to the reference
speed, rotational speed control is also implemented
through PI closed-loop control. The rotational speed
regulator (ASR) likewise employs a PI controller. The
desired speed and target magnetic flux are input and
compared with the actual values by the PI controller to
generate control currents. These control currents are
then fed into the motor controller to execute motor
control and drive.

It is worth noting that we incorporate the inverter
power supply and the Space Vector Pulse Width
Modulation (SVPWM) algorithm into the control
method. SVPWM is a recent advancement in Pulse
Width Modulation (PWM) techniques and is widely
used in motor control systems. It primarily consists of
the inverter DC power supply and six power switching
elements, as depicted in Fig. 8a. The inverter is
equipped with six switches, and the states of the upper
and lower bridge switches are always maintained in
opposition. These switches are divided into three
groups (Sa, Sb, Sc). By arranging and combining the
on/off states of these three switch groups, eight
different combinations can be obtained, comprising
six non-zero vectors (001, 010, 011, 100, 101, 110)
and two zero vectors (000, 111). The voltage space
vector division is illustrated in Fig. 8b.

The rotor flux orientation control algorithm illus-
trated in the Fig. 9 operates as follows: Firstly, the
three-phase stator current is decomposed into d-axis
and g-axis components using the Park-Clarke trans-
formation. Simultaneously, the actual motor speed is
compared with the target motor speed. The obtained
signal is sent to the speed control loop for PI control.
The resulting signal serves as the reference value for
the stator current g-axis component (is,.). A compar-
ison with i, yields an output signal sent to the torque
current control loop for PI control. The output g-axis
voltage component (i) is further sent to the
SVPWM controller. Similarly, the reference value
for the rotor flux is compared with the actual rotor flux
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Fig. 9 Schematic diagram of rotor magnetic chain orientation control algorithm

value. The signal is processed by the PI controller to
produce i4..r. The signal obtained by comparing isgy.r
with the actual i, serves as the input to the current
control loop. The d-axis voltage component (igyf) 1S
generated through PI control and serves as the other
input to the SVPWM. At this point, the dg-axis voltage
component signals are directed to the SVPWM
controller. It generates the pulse waveforms required
by the three-phase inverter switching devices using
space vector transformation, based on the obtained
voltage signals. This process controls the rotational
speed of the asynchronous motor to maintain it at the
desired reference value, thus completing the rotor flux
directional vector control of the asynchronous motor.

The SVPWM output provides a pulse-width-mod-
ulated waveform that closely resembles an ideal
sinusoidal waveform. This feature allows the rotor
magnetic chain vector of the asynchronous motor to
trace a trajectory that approximates a circle more
closely, resulting in a significant reduction in motor
torque pulsation. Furthermore, the SVPWM control
algorithm exhibits a higher utilization rate of the DC
bus voltage, effectively enhancing the dynamic per-
formance of the motor. In the vector-oriented control
System, Usgyerand U, serve as inputs to the SVPWM
controller. The SVPWM controller generates the pulse
waveforms required for the inverter switching devices
through space vector transformation. This control
method maintains the motor speed at the reference
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value, thereby enabling complete control of the three-
phase asynchronous motor.

3.4 Electromechanical coupled dynamics model

In the previous sections, we established the models for
the planetary gear translation-torsion system, the
three-phase asynchronous motor equivalent circuit,
and the motor control system. These components were
integrated by implementing rotor magnetic chain-
oriented vector control for the asynchronous motor.
The asynchronous motor is mechanically linked to the
planetary drive system, with the motor rotor connected
to the sun gear of the planetary drive system through
the motor’s output shaft. The output shaft of the
planetary drive system is linked to the load side. The
electrical system is directly governed by control
algorithms for managing the motor’s electromagnetic
torque, rotor speed, and other parameters. This
integration allows for highly efficient and precise
control of the gear-motor system. The coupled
dynamics model for the planetary gear-motor system
is depicted in Fig. 10.

Simplifying the connections between the motor
shaft, the planet gear input shaft, the planet gear output
shaft, and the load shaft in terms of torsional stiffness
and damping, we can express the dynamic equations
for both the motor output shaft end and the load end as
shown in Eq. (29).
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Fig. 10 Motor-gear system dynamics model

{JM-éM + Cms_(éM - 03) + kWtS(QM —0;)=T. (29)
JiOp +ca(0p — 0.) + k(0 — 0.) = =T,

Taking into account the interconnections between
the electrical system and the mechanical components
of the motor, as well as the mechanical relationships
between the motor shaft and the planetary gearbox,
and integrating the dynamics equations of the plane-
tary drive system, the motor magnetic chain equations,
the motor voltage equations, and the electromagnetic
torque equations, the electromechanical coupling
dynamics equations for the planetary drive system
are formulated, as demonstrated in Eq. (30).

MX + (C + 0.G)X + (K + 0°K, + 0.K)X =T + E
d

U=RI+—Y + 0¥
dr

Y =LI
Te = lSne (Tdslqs - qusIdS)

(30)

where X is the generalized degree of freedom of the
mechanical system; M, C, G, K, Kt, Ka, T, E are the
generalized mass matrix, overall damping matrix,
gyroscopic matrix, overall stiffness matrix, centripetal
stiffness matrix, tangential stiffness matrix, external
excitation moment vector, and excitation vector of the
meshing error, respectively; and U, R, I, ¥, w, and
L are the voltage vector, resistance matrix, current
matrix, magnetic flux linkage vector, angular velocity
vector, and inductance matrix, respectively.

The dynamic equation is used to create a three-
phase asynchronous motor model and a directional
vector control model within the Matlab/Simulink

77 1

Sun gear E Cet \

IS

0,

Ring gear

environment. Additionally, a planetary drive system
model is constructed using S-Function, and it is
essential to derive the state space representation from
Eq. (30) during this modeling process. The electro-
magnetic torque computed in Simulink is fed into the
S-Function as an input, and the real-time rotational
speed calculated by the planetary drive system is
conveyed to the Simulink motor system. This results in
the establishment of a real-time integrated gear-motor
dynamics system. The overall process of modeling and
experimentally verifying the electromechanical cou-
pled system is illustrated in Fig. 11.

4 Electromechanical coupling dynamics model
validation

4.1 Vibration-current coupling mechanism

In a planetary drive EMCS, the vibration and shock
generated during the gear meshing process are trans-
mitted to the motor through the motor shaft, leading to
an impact on the motor’s internal electrical character-
istics. As the stiffness of the gear changes with time
during the meshing process, the resulting vibration and
shock are also intermittent. This causes fluctuations in
the motor’s output torque to follow a certain pattern.
Understanding the vibration and current coupling
mechanism is essential for analyzing the dynamics of
an electromechanical coupled system. This section
utilizes dynamic equations to elucidate the relation-
ship between fluctuations in mechanical system torque
and the stator current frequency. This insight provides
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Fig. 11 Overall flow of electromechanical coupled system modeling and experimental verification

a valuable interpretation of the frequency changes
observed during simulations and tests.

The load torque Ty at the motor end is assumed to
consist primarily of two components: a constant
torque and a fluctuating torque. The fluctuating torque
is further divided into torque components generated by
the rotation of the input shaft 7},,,,, the rotation of the
output shaft Toypu, and the meshing of the gears 7,,,.
This relationship is expressed in Eq. (31).
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Tinput = TinputO COS(ZTCﬁan + (pinpul)
Touipur = Toutpuro Cos(znfvutput + (Pouzput)
Ty = Tyo cos(2fy, + ¢,)

(31)

where fipur fourpur» and f,, are the input shaft rotation
frequency, output shaft rotation frequency, and gear
mesh frequency, respectively; @ipus Poupur» a0d @,y
are the input shaft phase, output shaft phase, and gear
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meshing phase, respectively; Tipur Toupus and T, are
the peak fluctuating torque generated by the input
shaft, output shaft, and gear meshing, respectively.

The torque at the load side of the motor can be
determined from the previous equation.

Ty =To + Tinpur + Towpur + T
= To + Tinpuro Cos(znﬁnput + q)inpul)
+ Toutpuro €OS (znfoutput + (Poutpur)
+ Tpo cos(2tfy + @,,)

(32)

From Eq. (29), it can be observed that when there
are fluctuations in the load torque at the motor output
shaft end, the motor generates an electromagnetic
torque with equal magnitude but opposite phase to
maintain the system in equilibrium. The expression for
the electromagnetic torque can be represented as:

T, =Ty + Tpi + Tep + T,
= Teo + Teio COS(2Ttfei + @;) + Teo0 COS(27tfe0
+ @) + Tomo COS(2T o + Qo)
(33)

where T,;, T.,, T., represent the electromagnetic
torque fluctuation components, respectively. T,;o, Teo0s
T.mo are the amplitudes of each fluctuation component
of electromagnetic torque. @.;, Py, Pem are the phases
of each fluctuation component of electromagnetic
torque.

From Eq. (33), it is evident that the electromagnetic
torque contains frequency components that are similar
to the mechanical load torque. The electromagnetic
torque mainly comprises the input shaft rotational
frequency (f;,,u:), the output shaft rotational frequency
(fouspur)> and the planetary gear meshing frequency
(i)

Based on the above analysis, it becomes clear that
fluctuations in each component of the mechanical
torque corresponding to the frequency of each com-
ponent of the electromagnetic torque result in changes.
According to Eq. (25), the fundamental reason for the
changes in each component of the electromagnetic
torque is due to variations in the magnitude of current
or magnetic flux. Similar to the derivation process of
electromagnetic torque, by decomposing the current

into « and f coordinate systems, each component can
be expressed as:

Ise =lsu0 + Lsinpur 1 Lswoutpur + Lsum
= Aminput COS(27Iﬁ,,,,m + (psainput)
+ Asvoutpur Cos(znfoutput + (pszxomput)
+ Ay €08 (27 + @)
isp = ispo + ispinpur + ispourpur + ispm
= Agpinpur €082 inpur + Pspinpur)
+ Aspourpur 08 (2tfoutpur + (/’sﬂomput)
+ Agpm coS(27tfon + Qg0

(34)

where i, isp0 denotes the DC component of the o,
axis stator CUITeNtS; isyinpur Lswoutpur isam denote the
induced currents in the input shaft, output shaft, and
gear vibration frequency components, respectively;
Psainputs Psooutputs Psams Pspinputs Pspoutpurs Pspm are the
phases of the corresponding induced currents; A s,
Ascxoutput’ Asocms Asﬁinpuh Asﬂoutputv Asﬁm are the ampli'
tudes of the corresponding induced currents.
The stator phase current i, can be expressed as:

Iq = Igy cOS(27f,t) + isp cOS(27fot) (35)

Assuming that ¢, ~ @z, the above two equations
can be simplified as:

.. . 1 -
i,=lp COS(ZTEfgl— (PO) +§(Ax1inpul _A,&'/finput )COS (271(fe +finput )t+ q)z)

1
+§(Aso<input +Ax/1input) Cos (275 (fe _ﬁnput)t+ (poc) +

1

E(A sooutput _As/iaulpul) Cos (Zﬂ(fe ffoutpul) 1+ Py )

1
+§ (Asacuutput +Asﬁuulput) Cos (277: (fe 7fuutpul) 1+ Py ) +

1

i(Asocm 7Ax[f()utput) cos (27T(fc +ﬁ1utput) t+ (pa )

1
+§ (Aminpul +A.\'[iinpm ) Cos (275 (fe _ﬁnpm )t+ @y)

(36)

where iy = 4 /i2,5 + ifﬂo;(po = tan" (iu0/ispo)-

Equation (36) demonstrates that during the opera-
tion of the motor-gear system, various frequency
components such as |f, & fiupur [ [fe & foupua|s|fe % ful
will be present in the stator current spectrum. This
analysis helps in understanding and interpreting the
simulation and test results more effectively.
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Fig. 12 Time-domain waveforms of ring gear’s Y-direction vibration acceleration at different steady-state speeds
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Fig. 13 Spectrum of ring gear’s Y-direction vibration acceleration at different steady-state speeds

4.2 Dynamic response of motor-gear system
under different speed conditions

To validate the accuracy of the established electrome-
chanical coupling model and compare the dynamic
characteristics of the electromechanical system under
different steady-state working conditions, four sets of
steady-state speed conditions were configured at 600,
900, 1200, and 1500 RPM for simulation. The goal
was to investigate the mechanical vibration response
of the motor-gear system and the variations in the
stator current of the motor under these different
steady-state speed conditions. All settings for the four
working conditions, except for the rotational speed,
remained the same. The load applied to the mechanical
device (planetary gearbox) was set to 12 N-m, and a
simulation step size of 0.00001 s was used with the
ode4 Runge—Kutta algorithm for solving. Under these
four rotational speed conditions, the vibration accel-
erations in the x and y directions in the moving
coordinate system oxy were simulated and trans-
formed into the geodetic coordinate system OXY in the
Y direction. The obtained vibration accelerations in the
Y direction of the planetary gearbox at different
rotational speeds after transformation are presented in
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Fig. 12, while the vibration acceleration spectra are
shown in Fig. 13.

Analyzing the mechanical system vibration accel-
eration time-domain waveforms, we observe a clear
increase in amplitude as the rotational speed rises.
These vibration responses in the time domain consist
of two alternating shocks with varying magnitudes.
Under the four working conditions, the periods of
strong shocks, denoted as T1, T2, T3, and T4,
correspond to frequencies of f,,; (143 Hz), f,.
(213 Hz), f,.; (286 Hz), and f,,, (354 Hz), respec-
tively. These frequency distributions closely match the
theoretical results, validating the accuracy of the
mechanical dynamics model. Subsequently, the time-
domain waveforms of the motor stator current under
the four speed conditions are extracted, as shown in
Fig. 14.

The time-domain waveform of the motor stator
current remains relatively stable and sinusoidal, with
no significant change in amplitude. However, as the
rotational speed increases, the power supply frequency
gradually becomes higher. As a result, a spectral
analysis of the current time-domain signal was con-
ducted to obtain the motor current spectrum, depicted
in Fig. 15. For comparison, the theoretically
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Table 3 Main frequencies of vibration and current spectra at different rotational speeds (bold indicates theoretically calculated

fe + fin(Hz)

fe = 2fin (Hz)

Je + 2fin (Hz)

frequencies)

S (Hz) fe (Hz) fe — fm (H2)
10 Hz 142.6 (143.1) 20 (20.2) 122.6 (122.5)
15 Hz 213.9 (213.7) 30 (30.4) 183.9 (183.7)
20 Hz 285.3 (285.8) 40 (40.3) 245.3 (245.1)
25 Hz 356.6 (356.3) 50 (50.1) 306.6 (306.1)

162.6 (163.1)
243.9 (244.3)
3253 (325.2)
406.6 (406.7)

265.2 (265.6)
397.8 (397.3)
530.6 (530.3)
663.2 (662.6)

305.2 (305.6)
457.8 (457.6)
610.6 (610.1)
763.2 (762.5)

calculated power supply frequency and the main
frequency components are listed in Table 3.

When the electromechanically coupled system
operates at a steady rotational speed, its spectral
components are mainly composed of the power supply
frequency (fe) and combinations of the power supply
frequency with the meshing frequency, Ife &+ nfml.
The power supply frequency dominates the spectrum,
and the related frequencies in the high-frequency part
are less prominent. This is because of the relatively
large rotational inertia of the motor rotor and the
inductance generated by the motor stator windings,
which makes the motor system less sensitive to high-
frequency excitations and gives it low-pass filtering
characteristics. The calculated theoretical frequencies
and the simulation results exhibit good consistency.
Under different rotational speed conditions, changes
in the power supply frequency and meshing frequency
cause shifts in the main frequency of the motor stator
current. This feature provides a theoretical basis for
state monitoring based on the motor stator current and
further validates the accuracy of the established
motor-gear system coupled dynamics model.

4.3 Experimental validation

To further validate the accuracy of the established
electromechanical coupling dynamics model, we
conducted dynamic testing of the electromechanical
system under both steady-state and unsteady condi-
tions using the planetary drive electromechanical
coupling test rig. The test rig is primarily comprised
of a drive system, a transmission system, a loading
system, and a signal acquisition system. The drive
system consists of a three-phase asynchronous motor
and a frequency converter, which allows regulation of
the motor speed to achieve various constant speed
conditions and sudden changes in power frequency.

@ Springer

The transmission system is primarily composed of an
NGW planetary gearbox. The loading system includes
a magnetic powder brake and a tension controller, with
the tension controller adjusting the current to control
the load on the planetary gearbox. Sudden changes in
load conditions can also be programmed through the
tension controller. The signal acquisition system
comprises a speed sensor, three vibration acceleration
sensors, three Hall current sensors, a data acquisition
card, a laptop, and acquisition software. A photoelec-
tric speed sensor is positioned between the drive motor
and the gearbox to collect speed pulse signals from the
motor’s output shaft. The three vibration acceleration
sensors are placed at key locations within the planetary
gearbox, including the input shaft, the upper end of the
bearing, and the upper end of the ring gear. Addition-
ally, three Hall current sensors are positioned at the
input shaft of the planetary gearbox, the upper end of
the bearing at the output shaft position, and the upper
end of the ring gear. At the start of the test, all seven
channels simultaneously collect rotational speed
pulses, motor current, and gearbox vibration acceler-
ation signals during the operation of the electrome-
chanical system. The sampling rate for all channels is
set to 12800 Hz, and the rotational speed and load
conditions are determined based on the specific
working scenarios. In addition, in order to better
control the influence of external noise on the exper-
imental results, we set up the test rig in a semi-
anechoic chamber. The schematic diagram of the
planetary drive electromechanical coupling test bench
is depicted in Fig. 16.

The vibration signals of the gearbox and the motor
current signals were collected under four steady-state
conditions: 600, 900, 1200, and 1500 rpm. The
gearbox load was maintained at 12 N-m for all
conditions, and the data collection time was set to 30 s.
To emphasize the time-domain information of the
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Fig. 16 Dynamics of gear-
motor coupled system test
rig. a Test site diagram;

b schematic diagram of the
test rig
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Fig. 17 Time domain waveforms of gearbox vibration acceleration at different steady state speeds (experimental results)
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Fig. 18 Gear vibration acceleration spectra at different steady state speeds (experimental results)

vibration and current signals, a portion of the collected
signals was selected for analysis. The time-domain
waveforms of the gearbox vibration signals under the
four steady-state conditions are displayed in Fig. 17.

The time-domain waveforms reveal that as the
rotational speed increases, the amplitude of the
vibrations also increases. The vibration response in
the time-domain waveform consists of two types of
alternating shocks with varying intensities. The

magnitude of the gear vibration amplitude under the
four steady-state working conditions closely matches
the simulation results. The frequency spectrum,
obtained by Fourier transforming the time-domain
signals, is presented in Fig. 18. The spectrum primar-
ily includes the rotational frequency (f,.), gear meshing
frequency (f;,), and its harmonics (nf,,), along with
their combined components (nf,, &+ kf.). The main
frequency distributions in the experimental results
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Fig. 20 Spectrogram of
motor stator current at
different steady state speeds
(experimental results)
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closely resemble those of the simulation results,
confirming the accuracy of the established model.
Subsequently, the time-domain waveforms of the
motor stator current under the four different rotational
speed conditions are presented in Fig. 19. The motor
stator current exhibits relatively stable time-domain
waveforms, and the amplitude remains relatively
consistent. However, as the rotational speed increases,
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the power supply frequency gradually becomes larger.
This observation aligns with the system simulation
results discussed in Sect. 4.2. The Fourier transform of
the current signal is displayed in Fig. 20. It is evident
from the motor current spectrum that when the
electromechanically coupled system operates at a
stable rotational speed, the power supply frequency
(nf,) is prominently visible in the stator current
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spectrum, with the power supply frequency (f,) being
the dominant component. This presence is attributed to
the existence of harmonic interference in the actual
power supply. Additionally, the power supply fre-
quency contains components like (f, £ f,,). This
phenomenon arises from the transmission system
transmitting the electromagnetic torque through the
motor shaft, leading to corresponding frequency
modulation in the stator current. The presence of
higher-frequency components is not as pronounced,
which aligns with the findings of the simulation
analysis. The frequency spectrum calculated through
experimentation closely matches the simulation spec-
trum, providing further validation for the accuracy of
the established motor-gear system coupled dynamics
model. This sets the stage for investigating the
dynamic characteristics of the electromechanically
coupled system under unsteady conditions.

5 Dynamic characteristics of PMCS
under unsteady conditions

Once the dynamics model of the motor-gear coupling
system has been established using Simulink, non-
stationary working conditions can be configured.
These conditions include variations in uniform speed,
abrupt changes in power supply frequency, and sudden
alterations in the load. This enables the exploration of
the relationship between mechanical vibration, motor
stator current, and electromagnetic torque under
different dynamic working conditions.

5.1 Uniform speed conditions

The operation of a motor-gear system in real-world
scenarios typically involves three stages: startup,
steady operation, and shutdown. Each of these stages
corresponds to specific working conditions. @ Startup
stage: this stage typically involves uniform accelera-
tion. The motor’s target speed is gradually increased
within the motor’s response range, allowing the motor
to accelerate uniformly from its initial state to the
desired speed. @Stable stage: during this stage, the
motor operates at a stable, constant speed, which is the
desired working speed. The system may remain in this
stage for an extended period, such as during normal
operation. ®Shutdown stage: the shutdown stage
usually corresponds to uniform deceleration. In this

stage, the motor’s target speed is gradually reduced to
zero, causing the motor to decelerate uniformly before
coming to a stop. These stages and working conditions
are essential considerations for understanding the
behavior of motor-gear systems in practical
applications.

5.1.1 Simulation analysis results

To study the start-stop response of the motor-gear
system under uniform speed conditions, a simulation
scenario was created where the motor’s speed rapidly
increased from 0 to 1800 rpm within 2 s and then
decreased from 1800 rpm to O after maintaining a
stable speed of 1800 rpm for 2 s. The entire start-stop
process had a duration of 6 s, and the mechanical load
was set to 12 N-m. At the end of the simulation, the
system’s electromagnetic torque, vibration response,
and stator current response were recorded and visual-
ized in Fig. 21. This simulation provides insights into
how the system behaves during rapid changes in motor
speed and the associated effects on torque, vibrations,
and current.

During the 0-2 s phase, as the motor initiates
startup, the set target speed gradually increases,
creating a deviation from the actual speed. Conse-
quently, the torque current, denoted as i, experiences
an impact due to this deviation, leading to a rise in
electromagnetic torque 7,. Since the load remains
consistently at a fixed value, the total torque generated
exceeds the load torque, which sets the motor rotor
into a phase of uniform acceleration. Throughout this
period of uniform acceleration, the target speed of the
motor steadily increases, and the deviation from the
actual speed remains constant. This maintains the
electromagnetic torque 7, at a relatively stable level,
facilitating uniform acceleration of the motor rotor.
Between 2 and 4 s, as the system reaches a steady state
with a target speed of 1800 rpm, the motor’s target
speed closely matches the actual speed, resulting in a
smaller deviation. Consequently, both the torque
current iy, and electromagnetic torque T, decrease,
allowing the motor rotor to maintain a state of uniform
rotation. The final phase, occurring between 4 and 6 s,
represents the gradual shutdown of the motor. During
this deceleration phase, the motor’s target speed
gradually decreases, introducing a deviation from the
actual speed, but in the opposite direction compared to
the acceleration phase. This deviation influences the
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torque current iy, output by the PI controller in the
speed loop, leading to an increase in electromagnetic
torque 7,, although in the opposite direction to that
observed during uniform acceleration. As the load
remains consistently at a fixed value, the combined
torque once again exceeds the load torque, initiating
uniform deceleration of the motor rotor. In this phase,
the motor’s target speed uniformly decreases, and the
deviation from the actual speed remains constant,
maintaining the electromagnetic torque 7, at a rela-
tively stable level to facilitate uniform deceleration of
the motor rotor.

To explore the frequency distribution patterns of
the dynamic response in the motor-gear system under
variable speed conditions while addressing the phe-
nomenon of frequency aliasing resulting from the
Fourier transform of vibration and current signals, the
short-time Fourier transform (STFT) is employed for
both the vibration and current signals. This analysis
allows for an investigation of the electromechanical
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system’s response under conditions of uniform accel-
eration and deceleration in the time—frequency
domain. In the STFT spectra represented in Fig. 22a
for the vibration signal, the meshing frequency f;, and
its octave frequencies, originating from the mechan-
ical drive system, are clearly observable. Furthermore,
the meshing frequency follows the rotational speed
variations as expected. On the other hand, in Fig. 22b,
which presents the STFT for the motor stator current,
the power supply frequency f, is the dominant
component. This power supply frequency aligns with
the motor’s speed variations. Additionally, it’s impor-
tant to note that the power supply frequency f, can be
influenced by the meshing frequency f, in the
mechanical drive system. As a result, two frequency
bands, If,, = f.l, are also noticeable in the graph,
corroborating the findings presented in Sect. 4.1 and
providing further support for the establishment of the
mapping relationship between the mechanical drive
system and the motor’s current. It is also worth
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Fig. 22 Time-frequency spectrum of dynamic response of electromechanical system under uniform speed condition. a Vibration

signal STFT spectrum. b Current signal STFT spectrum

mentioning that, in the time—frequency plot of the
stator current, notable spikes can be observed at the 2-s
and 4-s marks, highlighted by the red circles. These
spikes coincide with moments of sudden changes in
current amplitude at 2 s and 6 s, corresponding to
alterations in rotational speed.

5.1.2 Experimental analysis results

In order to validate the simulation results of the EMCS
under uniform speed conditions, experimental tests
were conducted on the test bench. It is important to
note that, for safety reasons, the motor speed was
adjusted to accelerate from 0 to 1800 rpm over 10 s,
then decelerate to 0 after maintaining a steady speed at
1800 rpm for 10 s. The entire speed change process
had a duration of 30 s. At a sampling rate of 12,800 Hz
for all channels, various time-domain signals were
obtained. These signals include the rotational speed,
gearbox vibration acceleration, and motor stator
current during uniform speed variation, as shown in
Fig. 23.

In Fig. 23a, the rotational speed pulse signals
collected by the photoelectric rotational speed sensor
are presented. The corresponding rotational speed
curves, marked by the red line in Fig. 23b, align with
the experimental setup, confirming the accuracy of the
speed changes. Figure 23c displays the time-domain
waveform of the gearbox vibration acceleration,
where the amplitude of vibration acceleration follows

a pattern consistent with the speed changes. During the
initial 0-10 s, the vibration amplitude gradually
increased, stabilized for the subsequent 10 s, and then
gradually decreased. Figure 23d shows the time-
domain waveform of the motor stator current, which
was acquired through the Hall current sensor. During
the first 0-10 s, the current waveform gradually
became denser, with an increasing amplitude. This
behavior is attributed to the motor’s initial start-up,
where a significant deviation between the motor’s
target speed and its actual speed led to increased
current output through the control system feedback.
Once the motor speed reached a stable value, and the
actual speed closely matched the target speed, the
current amplitude gradually reduced. During this
period, the motor maintained a uniform rotational
state. The process of slowing down the motor exhib-
ited a similar pattern, with current amplitudes increas-
ing momentarily at the instant of deceleration and then
gradually decreasing. The experimental results of the
motor stator current and gearbox vibration accelera-
tion time-domain waveforms during the variable
speed process demonstrate a consistent amplitude
magnitude and change pattern with the simulation
analysis results, thus validating the simulation
findings.

The variable speed condition is unique compared to
steady-state conditions, and the traditional spectral
analysis methods may not be suitable. To address this,
similar to the simulation analysis, the short-time
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Fig. 23 System response
under uniform speed
condition (test results).
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Fourier transform (STFT) was employed to investigate
the time—frequency domain characteristics of the
system response. The results of the STFT analysis on
the vibration acceleration and motor stator current
signals in the electromechanical system under variable
speed conditions are shown in Fig. 24a, b, respec-
tively. In the STFT diagram of the vibration signal, the
primary components include the meshing frequency f,,
of the planetary drive system and its octave frequency.
The behavior of the meshing frequency and rotational
speed is consistent with the simulation results.
Amplifying the frequency band of f;, £ f., a frequency
band near the meshing frequency is observed. The
frequency bands in the test signal closely match those
in the simulation signal, with a slight error attributed to
the transmission error in the planetary drive system,
well within the expected range. Comparing the STFT
spectra of experimental data with simulation results,
they are quite similar. The main distinction lies in the
experimental signal, which includes significant field
noise and various external interferences, resulting in
the presence of clutter in the plot. In contrast, the
simulation signal is cleaner and less affected by noise
and disturbances. In the STFT diagram of the motor
current, the power supply frequency f, follows a
pattern consistent with motor speed variations, and it
dominates the STFT spectrum. It’s important to note
that the power supply frequency f, is influenced by the
meshing frequency f,, of the mechanical drive system.
As a result, local amplification of the STFT spectrum

reveals the presence of two frequency bands, If,, & f.|,
which align with the results of the simulation analysis
(Fig. 25).

5.2 Abrupt change in power supply frequency

Sudden changes in power supply frequency are
common non-stationary conditions that can occur
during motor operation. These abrupt shifts in power
supply frequency often happen when the target speed
of the motor control system is directly set to a specific
value without the gradual acceleration and decelera-
tion processes, resulting in an immediate change in the
power supply frequency.

5.2.1 Simulation analysis results

To simulate this operating condition, we initiated the
motor at an initial speed of 600 rpm for 2 s, and then
suddenly changed the target speed to 1200 rpm at the
2-s mark. All other parameters and settings were
maintained the same as in the previous sections. The
resulting figures illustrate the EMCS’s response to this
sudden change in power supply frequency, displaying
the electromagnetic torque, motor stator current, and
gearbox vibration response, as shown in Fig. 26.

The dynamic changes in motor system speed, stator
current, and electromagnetic torque depicted in
Fig. 26 reveal the behavior of the system under the
sudden increase in power supply frequency. At the
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Fig. 26 Dynamic response of the electromechanical system to sudden power frequency surge. a Rotation speed. b Current.

¢ Electromagnetic torque. d Vibration acceleration

outset of the power supply frequency surge, there is a
substantial gap between the actual motor speed and the
initial target speed, resulting in a sudden surge in the
motor’s stator current and electromagnetic torque,
initiating motor acceleration. As shown in the figure,
the acceleration process occurring from 2 to 2.15 s is
akin to the uniform acceleration condition analyzed in
the previous section. However, the distinction lies in
the fact that the acceleration process is constrained by
the motor’s power and the control system’s output
limits. Even if the speed loop PI controller receives a
substantial error input, its control output can only
reach the maximum output value. This large error
input saturates the controller, during which the torque
current i, and electromagnetic torque 7, are predom-
inantly determined by the electrical control system,
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resulting in less susceptibility to mechanical system
vibration and smoother output. After 2.15s, the
rotational speed reaches a stable level, at which point,
the electromagnetic torque experiences a significant
reduction to achieve equilibrium with the load-side
torque. Following this, the electromagnetic torque
continues to oscillate briefly before reaching a
stable state. The stator current exhibits a similar
pattern, albeit with more noticeable fluctuations due to
the increased mechanical system vibrations during this
period.

It is important to note that the mechanical system’s
vibration acceleration follows a similar trend. During
the initial 0-2 s of stable operation, the gearbox
vibration acceleration maintains a relatively constant
equilibrium position. However, when the power
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Fig. 27 Dynamic response of the electromechanical system to sudden power frequency drop. a Rotation speed. b Current.
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supply frequency abruptly changes, the vibration
amplitude increases significantly, and it oscillates
briefly before returning to a stable state after the speed
stabilizes.

The dynamic response of the motor-gear system
under the condition of a power supply frequency drop
is displayed in Fig. 27. The change in stator current
and electromagnetic torque follows a pattern similar to
that observed during a power supply frequency surge,
but in the opposite direction. Therefore, we will not
repeat here. Mechanical system vibration acceleration
amplitude in the power supply frequency drop will
enter the unstable state, then the vibration amplitude

will tend to become smaller, and finally reach a
stable state.

5.2.2 Experimental analysis results

To verify the simulation results of the EMCS under the
sudden change of power supply frequency, relevant
experiments were conducted on the experimental
bench. In the experiments, the motor was initially
running steadily at 600 rpm, and its speed was
instantaneously increased from 600 to 1200 rpm in
2 s by adjusting the frequency converter. The time-
domain waveforms of the motor current signals and
the gearbox vibration signals during this sudden
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increase in power supply frequency are shown in
Fig. 28a, b, respectively. Similarly, in another set of
experiments, the motor speed was set to decrease from
1200 to 600 rpm, and the time-domain waveforms of
the motor current signal and gearbox vibration signal
under the condition of a sudden drop in power
frequency are displayed in Fig. 29a, b, respectively.
These experimental results help validate the simula-
tion findings.

Consistent with the results of the simulation
analysis, in the conditions of a sudden increase in
power supply frequency, there is a significant initial
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gap between the actual speed of the motor and the
target speed. During this time, the motor stator current
experiences a sudden increase, driving the motor to
accelerate. The current and electromagnetic torque are
primarily determined by the electrical control system
at this point. Subsequently, as the speed reaches a
stable level, the current experiences a substantial
decrease and continues to oscillate for a brief period
until it reaches a stable state. The amplitude of
mechanical system vibration acceleration follows a
similar pattern, with a significant impact during the
sudden change in motor frequency, followed by
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fluctuations and an eventual decrease in amplitude.
Under the conditions of a sudden drop in power supply
frequency, the motor stator current also experiences a
sudden increase, and during this period, the current
and electromagnetic torque are mainly determined by
the electrical control system. As the speed reaches a
stable level, the current exhibits a significant decrease
and continues to oscillate for a short period before
reaching a stable state. Mechanical system vibration
acceleration amplitude is significantly affected ini-
tially, followed by stable fluctuations and an increase
in amplitude. The experimental results are consistent
with the patterns observed in the simulation analysis.

5.3 Abrupt load change conditions

Motor-gear transmission systems often operate in
demanding environments, where sudden changes in
load are common. Therefore, it is crucial to investigate
the electrical characteristics and dynamic responses of
PMCS under sudden load changes. To simulate the
effects of sudden load changes on the dynamic
characteristics of the motor-gear system, we used
Simulink to set up a step load change in a simulation
process. The motor’s steady speed was set to 150 rpm,
with a load of 20 N-m. At 2 s, there was a sudden load
change to 0. The simulation duration was 4 s. Under
these conditions, we observed the motor’s rotational
speed, the planetary shaft’s output rotational speed,
the electromagnetic torque of the EMCS, the stator
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current of the motor, and the vibration response of the
gearbox, as shown in Fig. 30.

To validate the accuracy of the simulation and
analysis results for the electromechanical system
under sudden load conditions, an experimental test
of the electromechanical system was conducted. The
motor was set to a stable speed of 150 rpm, and the
load applied by the magnetic powder brake was
adjusted by controlling the current with the tension
controller. During the experiment, instant loading and
unloading were achieved by opening and closing the
tension controller switch. All other experimental
settings were consistent with the simulation condi-
tions, and the entire experimental process lasted for
4 s. At the start of the experiment, when the motor
speed and the load were stabilized at 150 rpm and 20
N-m, respectively, the tension controller switch was
closed to achieve instantaneous unloading within 2 s.
The magnetic particle brake was loaded and unloaded
instantly during this sudden change of load. The motor
current and gearbox vibration acceleration signals
obtained through the experiment under these sudden
load changes are shown in Fig. 31.

The simulation and experimental analysis reveal
that when the load is suddenly reduced to zero, the
load torque acting on the motor shaft experiences a
rapid drop. This sudden change causes the actual
motor speed to fluctuate, initially surpassing the target
speed. In response, the PI controller adjusts its output
to bring the motor speed back into proximity to the
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target speed, overcoming the impact of the substantial
deviation. The motor speed then gradually stabilizes
near the target speed. Simultaneously, the motor’s
electromagnetic torque decreases to reach an equilib-
rium with the reduced load torque, and the oscillations
tend to stabilize. The change in current follows a
similar pattern. Because the mechanical load is
abruptly set to zero, the motor reduces the current to
balance the external load and maintain its original
speed.

In the previous section, we discussed the effects of
relatively small loads, with the highest setting being
only 20 N-m, on the current and vibration signals,
which showed relatively weak impacts. To further
explore the consequences of heavy load conditions
and sudden load changes on the dynamic behavior of
the planetary drive’s EMCS, we conducted a sudden
load test using an industrial-grade 55 kW planetary
drive test bench, as depicted in Fig. 32. This test bench
comprises several essential components, including a
drive motor, a load motor, speed and torque sensors, a
test gearbox, an incremental speed gearbox, a fre-
quency converter, a control cabinet, a signal acquisi-
tion system, and other equipment. The drive motor
powers the test gearbox by rotating it, and the load
motor, controlled by adjusting the excitation current,
acts as the load applied to the test gearbox. This setup
allows precise control of the torque on the gearbox,
enabling simulations of different loading conditions.
The signal acquisition system is equipped with Hall
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Fig. 33 Time domain waveforms of motor current under different load conditions

current sensors, B&K vibration acceleration sensors,
an NI-9231 data acquisition card, a laptop computer,
and test software. The Hall current sensors are
positioned between the inverter and the drive motor
to capture three-phase current signals from the motor.
Meanwhile, the three vibration acceleration sensors
are strategically placed at the input shaft, output shaft,
and the upper end of the toothed ring of the test
gearbox. These sensors simultaneously collect data
during the operation of the gearbox. The sampling rate
for all channels is set to 12,800 Hz, and the data is
collected over a period of 28 s. This advanced setup
allows for an in-depth exploration of the dynamic
responses of the EMCS under varying load and sudden
load conditions using a large-scale 55 kW industrial-
grade planetary drive test bench.

The test was initially conducted on the test rig at a
constant speed of 150 rpm, and the load on the motor
was varied by adjusting the magnitude of the excita-
tion current applied to the loaded motor. The test

began with an initial load of 300 N-m and then
increased the load incrementally. Vibration and cur-
rent signals were collected under working conditions
of 500 N-m, 750 N-m, 1000 N-m, 1250 N-m, and 1500
N-m. The dynamic characteristics of the EMCS were
analyzed based on the time domain and the motor’s
spectrum under different load conditions. The time-
domain waveforms of the motor current under these
various load conditions are depicted in Fig. 33. It can
be challenging to discern changes in current amplitude
from these time-domain waveforms. To provide a
more comprehensive analysis, various time-domain
indices, including the peak-to-peak value, RMS value,
crest factor, pulse factor, and margin factor of the
current signals under different loads, were calculated
and are displayed in Fig. 34. As seen in Fig. 34, as the
load increases, the motor current’s peak value and
RMS value also increase, while the crest factor, pulse
factor, and margin factor decrease. This observed
phenomenon aligns with the simulation results,
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indicating the expected changes in the motor’s
dynamic response under varying load conditions.
The experiment continued by investigating the
dynamic characteristics of the electromechanical
system under sudden changes in load conditions on
the test bench. The entire experimental process lasted
for 60 s. Initially, the load was set at 300 N-m for the
first 20 s. At the 20-s mark, the load was abruptly
changed to 1500 N-m by controlling the load motor.
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After running stably for 20 s at 1500 N-m, the load was
suddenly changed back to 300 N-m. The load change
trend throughout the entire experimental process is
displayed in Fig. 35a. The motor current and vibration
acceleration of the planetary gearbox collected during
this test are presented in Fig. 35b, c. Their time-
domain waveform trends align with the changes in the
load, demonstrating sensitivity to load variations.
Short-time Fourier transformations (STFT) were
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Fig. 37 Schematic diagram of the inverter power supply in non-ideal state. a Single-switch open-circuit state. b Unidirectional bridge

arm open state

applied to the vibration acceleration and current
signals, resulting in the spectra shown in Fig. 36a, b,
respectively.

In the STFT spectra of both signals, it is evident that
the sudden changes in load do not significantly affect
the spectral distribution. The main frequency compo-
nent of the planetary gearbox’s vibration acceleration
during sudden load changes remains f,,,. Notably, there
is a larger response amplitude in the vibration
acceleration, and the frequency component is more
pronounced during the moments of load changes.
Similarly, the STFT spectrum of the motor current
continues to be dominated by If,, & f,I, with more
prominent color changes in the frequency band

observed during sudden load change periods. This
experimental evidence supports the conclusion that
sudden load changes induce more pronounced
dynamic responses in the electromechanical system,
consistent with the simulation results.

6 Dynamic characteristics of PMCS under non-
ideal conditions

In this section, we investigate the dynamic character-
istics of the electromechanical coupling model for the
three-phase inverter power switching elements under
non-ideal states. Specifically, we focus on two open-
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circuit states of the inverter: the open-circuit state of a
single switching tube in the inverter bridge and the
open-circuit state of a unidirectional bridge arm. The
schematic diagram of the inverter under non-ideal
conditions is illustrated in Fig. 37, which includes the
inverter DC power supply and six power switching
elements. This analysis aims to reveal the mapping
relationship between the motor stator current and the
dynamic response of the planetary drive system when
the inverter’s power switching elements are in these
non-ideal states.

6.1 Single-switch open-circuit state

In order to simulate the open-circuit state of a single
switching tube in the inverter, the final output switch
signal is manipulated in the SVPWM module within
Simulink. The output value of this signal is maintained
at zero after 1 s, effectively simulating the open-
circuit condition in phase a. The schematic for
simulating this single switch open-circuit state in
Simulink is shown in Fig. 38. The simulation settings
include a target motor speed of 1200 rpm, discon-
necting the single switching tube in phase a after 1 s
when the speed stabilizes, and ending the simulation
after 3 s. The gear train operates under a partial load of
12 N-m. The results of this simulation include motor
speed, stator current, electromagnetic torque, and
vibration response of the planetary gear under the open
state of the single switching tube, which are depicted
in Fig. 39.
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The observations from Fig. 39 reveal that when a
single switching tube in the inverter power supply is in
an open-circuit state, various aspects of the system,
including the motor’s rotational speed, stator current,
electromagnetic torque, and gearbox vibration
response, exhibit abnormal behavior. The motor’s
actual speed oscillates back and forth regularly near
the target speed. The electromagnetic torque experi-
ences a significant and sudden change at the moment
of the switching tube opening, followed by regular
oscillations. These waveform behaviors occur
because, in the absence of a functioning switching
tube, the inverter power supply cannot output control
signals as usual. However, the internal magnetic chain
calculations, SVPWM sector judgment, and other
aspects of the directional control system remain in a
normal state. The motor’s output signal is regulated by
the system’s feedback, resulting in the observed
regular fluctuations. The changes in the gearbox’s
vibration response exhibit a similar pattern, with a
rapid increase in instantaneous amplitude during the
open-circuit state, followed by regular fluctuations.
These vibration response fluctuations are closely
related to the fluctuations in speed and electromag-
netic torque.

In the case of a single switching tube in the inverter
power supply being in an open-circuit state, the
motor’s a-phase winding is only connected to the bus
voltage terminal through the continuity diode. As a
result, the a-phase current will only appear in the
positive half-wave and is nearly zero in the negative
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Simulink setup for
unidirectional bridge arm
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Universal Bridge

half-cycle. This situation causes a sudden increase in
the amplitude of the remaining current flowing
through the rest of the inverter switching tubes. As
observed in Fig. 39b, the amplitudes of the currents
flowing through the b and ¢ phases are close to the
startup current. Prolonged operation in this state could
lead to the burning of other switching tubes in the

et

m > m wm

O W >» =

ip

Measure

inverter power supply. The asymmetry in the three-
phase current due to this situation leads to several
undesirable consequences, for example, motor output
torque jitter, speed instability, increased mechanical
equipment vibration. These effects highlight the
critical importance of maintaining the proper func-
tioning of the inverter power supply components for
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Fig. 41 dynamic response of electromechanical system under unidirectional bridge arm open circuit condition. a Rotation speed.
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the stability and reliability of the electromechanical
system.

6.2 Unidirectional bridge arm open state

When both switching tubes in the three-phase inverter
power supply are in an open-circuit state, the entire
unidirectional bridge arm becomes open-circuited,
essentially taking the motor out of phase, as illustrated
in Fig. 37b. To simulate this open-circuit state of the
unidirectional bridge arm, we configured the circuit
breaker in the middle of the a-phase power supply. The
simulation settings in Simulink are shown in Fig. 40.
The simulation begins with the motor starting and
operating stably at 1200 rpm, disconnects the a-phase
circuit at 2 s, and concludes after 4 s. The gear train
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load remains at 12 N-m throughout the simulation. The
extracted data includes motor speed, stator current,
electromagnetic torque, and planetary gear vibration
response under the condition of phase absence, as
shown in Fig. 41.

As depicted in Fig. 41, it is evident that the motor-
gear coupling system experiences a substantial speed
reduction and instability when the motor lacks one
phase. The motor’s a-phase current undergoes an
abrupt transition from a stable state to zero, causing
significant changes and an increase in amplitude in the
b-phase and c-phase current waveforms. This abrupt
current shift is accompanied by an immediate increase
in electromagnetic torque. Additionally, the amplitude
of gearbox vibration acceleration rises noticeably
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when the motor operates with a missing phase and
remains unstable after 2 s.

This behavior can be primarily attributed to the
inverter’s inability to provide normal control signals
due to the open circuit in one of the bridge arms,
resulting in a significant deviation in the output signal.
This, in turn, leads to a gradual reduction in the
feedback regulation effect and a continuous decline in
motor speed, rendering it unable to attain the desired
speed. Furthermore, when one of the three-phase
power supplies is disconnected, it generates a sub-
stantial braking torque due to the reversed magnetic
field sequence, thereby reducing the motor’s output
torque. With the load remaining constant, this leads to
an increase in the rotational speed and significantly
higher current flowing through the stator winding
compared to normal operation. As a consequence,
there is an increase in copper and iron consumption,
which can elevate motor temperature and potentially
damage the stator winding. Therefore, it is essential to
develop corresponding relay protection schemes in
response to such scenarios. These results also offer
valuable theoretical guidance for the condition mon-
itoring of PMCS.

7 Conclusions

In this study, we thoroughly considered various
internal and external excitation factors such as time-
varying meshing stiffness, bearing support stiffness,
and meshing errors under variable speed conditions.
Firstly, we established a mechanical model for plan-
etary gear systems suitable for analyzing non-steady
state conditions, including uniform speed, sudden
changes in speed, abrupt load changes, and more.
Subsequently, we constructed an equivalent circuit
model for a three-phase asynchronous motor based on
rotor magnetic flux orientation control and space
vector modulation algorithms. By establishing the
coupling relationship between the electrical and
mechanical components of the motor drive system,
we created a complete electromechanical system
coupling model suitable for analyzing non-steady-
state conditions, including time-varying speed, vari-
able loads, sudden frequency changes, and non-ideal
conditions such as voltage spikes and current phase
loss. The discussions on electromechanical coupling
effects yielded the following specific conclusions:

(D

2

3)

In a stable speed operation of the EMCS, it was
found through a combined analysis of simula-
tion and experimental results that the motor
current signal is modulated by the planetary gear
transmission system’s meshing frequency. The
spectrum primarily comprises the power supply
frequency f, and the combination frequencies of
the power supply frequency and meshing fre-
quency If, & nf,,l, with the power supply fre-
quency f, dominating.  High-frequency
components and related frequencies are less
distinct, primarily due to the significant rotor
inertia of the motor and the inductance produced
by the stator winding, making the motor system
less sensitive to high-frequency excitation and
exhibiting low-pass filter characteristics.

A comprehensive study of the dynamic charac-
teristics of the gear-motor coupling system
under various non-steady state conditions was
carried out, analyzing the variations in electro-
magnetic torque, stator current, and gear vibra-
tion responses under different conditions such
as uniform speed, sudden changes in power
supply frequency, and abrupt load changes. The
faithful mapping relationships  between
mechanical vibration, motor stator current, and
electromagnetic torque were revealed in the
time domain, frequency domain, and time—
frequency domain for different conditions.
Compared to traditional direct motor control
models, the proposed model more accurately
reflects the system’s transient dynamic charac-
teristics. When designing and selecting motor-
gear systems, it is crucial to consider the
coupling effects between the carrier frequency
of the electrical part and the meshing frequency
of the mechanical part to avoid resonance issues
caused by close harmonic frequencies.

Further exploration of the dynamic characteris-
tics of the gear-motor coupling system under
non-ideal states of the asynchronous motor’s
electrical system. When a single switching tube
in the inverter power supply is open-circuited,
the system experiences motor speed instability,
torque fluctuations, and significant mechanical
equipment vibration amplitudes due to the
asymmetry in three-phase currents. When a
unidirectional bridge arm in the inverter power
supply is open-circuited, the a-phase current
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drops to zero, causing the motor’s speed to
rapidly decrease, leading to potential overheat-
ing and damage to the stator winding due to
increased current and copper and iron consump-
tion. These findings provide theoretical guid-
ance for overall condition monitoring of
electromechanical systems.
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