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Abstract. The synchronous condenser plays a crucial role in reactive power compensation and
voltage support in ultra-high voltage direct current power grids. Vibration is a key bottleneck for
the safe and stable operation of the synchronous condenser, especially rotor vibration resulting
from electromagnetic torque caused by inter-turn short-circuit. This article takes a 300 MV large
synchronous condenser as the research object, and studies the influence of electromagnetic torque
caused by inter-turn short-circuit on the vibration of the rotor. Through theoretical analysis and
finite element simulation, a theoretical model and a finite element model of rotor bending-
torsional coupled vibration were established, and the accuracy of the theoretical model was
validated experimentally. The results show that: The first three bending frequencies are 11.93 Hz,
31.27 Hz, and 89.46 Hz; Under both static and dynamic imbalance conditions, the vibration
amplitude of the rotor increases with the increase of the shorted turn ratio; The vibration amplitude
before and after being stimulated under dynamic unbalance is larger than that under static
imbalance. The research results can provide a theoretical basis for the design and safe operation
and maintenance of the synchronous condenser.

Keywords: synchronous condenser, inter-turn short-circuits, bending and torsional vibration,
transient analysis, rotor vibration.

Nomenclature

0 The axis center

Tg The distances between point S and O
Tw The distances between point W and O
t Time

o) The rotation speed of the disc

e Eccentricity vector

a The phase angle of e at t

6 The torsional angle of the disk

1) The angular displacement of W relative to S at t
m The mass of the disc

g Gravitational acceleration

Gn Gravity

i The system’s moment of inertia

k Bending stiffness
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c Bending vibration damping coefficient

ke Torsional stiffness

Ct Torsional vibration damping coefficient
M(t) The torque acting on the disc

F The elastic restoring force

F. The lateral damping force

T System kinetic energy

q; The generalized coordinate of the system
Q; The generalized force corresponding to q;
My, The moment generated by ma on point S
Mg The moment generated by G on point S
My Disc torsional recovery torque at point S
My Torque of torsional damping of the disc at point S
l The total length of synchronous compensator rotor
p Density of rotor

Prated Rated power

Mper Permissible unbalance mass

M Rotational mass of the component

G Balancing quality grade

r Correction radius

n Angular velocity

F The allowable unbalance force

E, Unbalanced force in y-direction

F, Unbalanced force in z-direction

The three-phase stator windings
The neutral point

aq,a, Branches of phase A

by, b, Branches of phase B

€1, Branches of phase C

ig1,ia2  The currents in branches a; and a,
ip1,ip2  The currents in branches b; and b,
ic1, i The currents in branches ¢; and ¢,

<~
=
o

i The current of phase A

ip The current of phase B

ic The current of phase C

R Short-circuit resistance

B Short-circuit turn ratio

k Proportionality coefficient

Theax The peak instantaneous torque

Trated The rated torque

M* The dynamic unbalance magnitude acting on the rotor
L The distance between cooling fan A and cooling fan B
M, The dynamic unbalance magnitude in y-direction

M, The dynamic unbalance magnitude in z-direction

1. Introduction
With the rapid development of high-voltage direct current transmission technology, the power

grids present the characteristic of “strong direct-current and weak direct-current” [1], which may
lead to insufficient dynamic reactive power reserve and grid voltage deterioration. The
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synchronous condenser, as a reactive power compensation device, has played an essential role in
key issues such as dynamic reactive power reserve and insufficient voltage support at the
transmission and reception ends of ultra-high voltage direct current in China in recent years
[2-4]. At present, China’s new 300MVar synchronous condenser mainly includes QFT-300-2
air-cooled type and TTS-300-2 dual water-cooled type. So far, the State Grid System has
successively put 43 large condensers in 19 stations into operation, with a total capacity of
12500Mvar. The safe and reliable operation of large-scale synchronous condensers is of great
significance for improving the dynamic voltage stability of the power grid and ensuring the
stability of high-voltage direct current transmission projects.

Previous literature has shown that large synchronous condenser units face severe vibration
problems during commissioning and operation, such as unbalance [5], [6], oil film whirl [7], [8],
double-frequency vibration [9], friction, inter-turn short-circuit [10]-[12], dynamic and static
eccentricity [13], etc. The main reasons are: 1) Large synchronous condenser units have a
considerable structural weight and size, and their working speed crosses the second-order critical
state, resulting in complex vibration modes; 2) In operation, compared to generators, synchronous
condensers can absorb reactive power and generate reactive power, with strong transient response
and overload capabilities, and variable working conditions. These complex factors lead to
prominent vibration and instability problems.

The excitation winding is the core component of rotating machinery such as synchronous
condensers. The inter-turn short-circuit in the excitation winding and its induced vibration are
among the most common faults in large synchronous condensers and generators [14]-[17]. The
main causes of inter-turn short-circuit in high-speed synchronous condenser include unreasonable
design of the rotor and stator structure, poor manufacturing process of the winding coils, damage
or infiltration of metal particles during installation and maintenance, deformation and insulation
damage under complex working conditions, winding aging caused by long-term operation, etc.,
which will lead to an increase in excitation current, a decrease in reactive power output, an increase
in electromagnetic imbalance force and vibration deterioration. At the same time, it will also
produce shaft voltage and direct-current magnetization, causing electrical corrosion of
synchronous condenser components, magnetization of the main shaft, and even rotor grounding
faults, triggering alarms and relay protection actions.

At the same time, inter-turn short-circuit can also cause significant electromagnetic torque
[18], [19], which acts on the rotor and leads to abnormal rotor vibration. At present, this issue
mainly focuses on generators. Reference [20] proposes a detection method for inter-turn
short-circuit using changes in electromagnetic torque through finite element simulation of
excitation winding inter-turn short-circuit faults in generators. S. Wan et al. [21] calculated and
analyzed the electromagnetic torque under the short circuit of generator rotor, and obtained the
average and instantaneous electromagnetic torque characteristics after the fault. W. Wang et al.
[22] conducted theoretical and experimental research on the mechanism of inter-turn short-circuit
between the stator and rotor of a 300Mvar synchronous condenser, and obtained the distribution
of electromagnetic torque harmonic components under different faults. However, studies
addressing vibration issues of synchronous condenser rotors caused by electromagnetic torque are
still limited.

This article focuses on a large synchronous condenser unit and conducts theoretical research
on the vibration of the rotor induced by electromagnetic torque under inter-turn short-circuit faults.
It explores the influence of electromagnetic torque on the vibration of the rotor and the mechanism
of bending torsional coupling vibration. Quantitative analysis of the influence of short-circuit turn
ratio on rotor bending vibration, providing a theoretical reference for the safe and stable operation
of rotating machinery such as large synchronous condenser units and steam turbine generators.
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2. Theoretical analysis of bending torsional coupling vibration
2.1. Single disc rotor bending torsional coupling model

Taking a single-disc rotor model as the research object, where the disk position at time t is
shown in Fig. 1. The mass of the disc is m, and the disc is mounted on a flexible, massless shaft
with torsional compliance. The geometric center of the disc is point S, whose coordinate is (x, y),
and the mass center is point W. The eccentricity e is the distance between points W and S, and it
is fixed relative to the axis. Point O is the center of rotation, the distances to points S and W are
rg and 1y,. The rotation speed of the disc is Q. At the initial moment (t = 0), the phase angle of
the eccentricity vector e is a. At time t, the torsional angle of the disk is denoted as 8, and the
angular displacement of W relative to S is defined as ¢. Thus, Eq. (1) can be derived:

p=Qt+6+a. (D

YA

=Y

Fig. 1. Schematic diagram of disc coordinates at time ¢

Record the coordinates of point S(x, ¥), The system’s moment of inertia is J, bending stiffness
k, bending vibration damping coefficient c, torsional stiffness k., torsional vibration damping
coefficient c;, and the torque acting on the disc is M(t). Establish a complex vector with the
x-axis as the real part and the y-axis as the imaginary part.

The position vector at the geometric center S, as shown in Eq. (2):

e =x+jy. (2)

At point S, the elastic restoring force and lateral damping force are given by Eq. (3) and (4):

—

F = —k, 3)

F, = —cfs. “4)
At point W, the gravity of the disc is given by Eq. (5):

G,, = mg. 6))
The system kinetic energy is given by Eq. (6):

1 —2 1 o
Tzzmrw +E](p2. (6)

According to the Lagrange equation, as given in Eq. (7):
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d (0T T 0 .
dt\dq;) aq; " 2
where, T is the kinetic energy of the system; g; is the generalized coordinate of the system; Q; is

the generalized force corresponding to q;.
For the bending vibration of the disc, substituting Eq. (2)-(6) into Eq. (7) yields Eq. (8):

miy = F + F. — Gy, (®)
Simplify to obtain the differential equation of disc bending vibration, as shown in Eq. (9):

{ma’c’ + cx + kx = me(¢? cos @ + ¢ sin @),

9
my + cy + ky = me(¢?sing — ¢ cos ¢) — mg. ©)

The inertia force term ma,) generated by the bending vibration of the rotor acting on point W
exerts a moment on point S, as given in Eq. (10):

My, = me(% sin @ — j cos @) — me?§. (10)
The disc gravity term on point W exerts a moment on point S, as given in Eq. (11):

M; = —mge cos @. 1D
Disc torsional recovery torque at point S, as given in Eq. (12):

M = —k,.6. (12)
Torque of torsional damping of the disc at point S, as given in Eq. (13):

Mg = —c, . (13)
The moment equilibrium equation about point S is expressed by Eq. (14):

Jo = My, + Mg + My + My + M(2). (14)
Simplify the differential equation of torsional vibration of the disc, as shown in Eq. (15):

(J +me?)p + ¢, + kep = me[ising — (§ + g)cosp] + k. (Qt + a) + M(¢). (15)

In summary, when the disc undergoes both bending and torsional vibrations simultaneously,
the unified mathematical model is expressed by Eq. (16) [23]:

mi + cx + kx = me(¢p? cos ¢ + ¢ sin @),
my + cy + ky = me(¢?sing — ¢ cos p) —myg, (16)
J +me?)$ + c.¢p + kep = me[¥sing — (3 + g)cosg] + k. (Qt + a) + M(t).

2.2. Analysis of the influence of pulse torque on vibration based on the fourth-order Runge-
Kutta method

Define x =a, y = b, ¢ = u, the mathematical model Eq (16) can be transformed into
Eq. (17):
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X =a,
y=b,
®=u,
. ) c k esing
a=eu cos<p—Ea—Ex+ ] [-mgecos@ + k. (Qt + a) + M(t) — c,u — k@
—ce(asing + b cos @) + ke(y cos ¢ — x sin @) + mge cos @],
c k ecos @ (a7)

b = eu?sing _Eb b [-mgecos@ + k:(Qt + @) + M(t) — cou — ke

J
—ce(asing + b cos @) + ke(y cos ¢ — x sin @) + mge cos @],

1
u= 7[—mge cos@ +k,(Qt+a)+ M(t) —cou—kip

—ce(asin@ + b cos @) + ke(y cos ¢ — x sin @) + mge cos ¢].

To verify the accuracy of this mathematical model, a bending torsional coupling test bench
was set up. According to the rotor’s parameters: m = 0.8 kg, /] = 0.00064 kg-m?. Calculate the
stiffness and damping parameters based on the entire rotor system, k = 3.5x10° N/m, ¢ =2 N-m/s,
k; =200 N/m, ¢, = 0.1 N-m/s. Based on the manufacturing accuracy level, obtain the eccentricity:
e =0.03 m. Take the initial phase angle a = 0, Q = 1500 rpm. Using the fourth-order Runge-Kutta
method, analyze the influence of the pulse torque on the vibration of the rotor. The pulse torque
applied is shown in Fig. 2, and the vibration amplitude in the x-direction is shown in Fig. 3.

2.0

€1.5
Z10
g0.5

0.0

0 2 4 6 8 10 12 14 16 18 20
1(s)
Fig. 2. Applied pulse torque

160 B Vop=241ym |/ lrkmsiei]l torque excitation
e [
80 |
E o
=
—80
7160 | o :_____ _Vpp 272pml1
10.0 10.5 11.0
1(s)

Fig. 3. Theoretical vibration amplitude in x-direction

As illustrated in the figure, the peak-to-peak value increases from 241 um to 272 um following
the application of an instantaneous torque. And subsequently gradually returns to a steady state,
which aligns with theoretical expectations. This observation confirms that the mathematical model
is validated as reasonable.
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2.3. Design and verification of bending torsional coupling
2.3.1. Test bench design

Fig. 4(a) and (b) show the rotor bending-torsion coupling test bench. The test bench primarily
consists of a signal generator, power amplifier, drive motor, drive motor speed regulator, torsional
vibration motor, rotating shaft, disc, and vibration analyzer. The drive motor employs a DC shunt
motor. The speed regulator adjusts and rectifies the 220 V AC power supply to provide current to
the motor. By adjusting the speed regulator, stepless speed control within the range of 0 to
10,000 rpm can be achieved.

torsional )
| vlbrtlon motor|

XXk i
Gér00006 |

drive motor ‘<«
speed regulator ¢

b) Physical diagram of control system
Fig. 4. Bending torsional coupling test bench (These photographs were taken
by the author Quan Jingzhou in Nanjing on September 10, 2025)

An alternating signal generated by the signal generator is amplified by the power amplifier and
then supplied to the torsional vibration motor. This provides alternating current to the excitation
winding of the torsional vibration motor, thereby generating torsional vibration. By controlling
the amplitude and frequency of the output current, the amplitude and frequency of the torsional
vibration can be regulated.

At measuring points 1 and 2, two eddy current sensors are used to collect bending vibration
signals of the rotor in the x and y directions, which are then input into the vibration analyzer. At
measuring point 3, an eddy current sensor is employed to acquire the torsional vibration signal,
which is subsequently fed into the torsional vibration analyzer.

2.3.2. Bending torsional coupling vibration test
Fig. 5 presents the vibration waveforms and shaft center trajectories of the rotor under no
torque excitation and transient torque excitation. Without torque excitation, the shaft center

trajectory presents a high degree of coincidence. At the instant of transient torque excitation, the
trajectory becomes disordered. Meanwhile, following the transient torque excitation, fluctuations
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are observed in the vibration waveform, with the peak-to-peak value increasing from 255 pum to
280 um. The experiment indicates the presence of bending-torsion coupling phenomena in the
rotor system, confirming the accuracy of the theoretical model.

1710
“ - 171
Vpp=255um : | —
citati T steady | transient torque Vpp=280um
no torque excitation A lgocrau)e . AL A L )
85.57 R l
85554 ’
il \
Zo 2 | | |
= = g : Hi-
= e i
855 855 | ‘ ’ ‘
- B s s
. 0 0.1 02 03 04 05 0.1 02 03 04 05 06

1(s) 1(s)
a) No torque excitation b) Torque excitation
Fig. 5. Rotor vibration waveform and shaft center orbit diagram under different working conditions

Both simulation and experimental results indicate the presence of bending-torsion coupling
phenomena in the rotor system. Under transient torque excitation, the vibration waveform of the
rotor presents aperiodic behavior, and the shaft center trajectory exhibits disordered behavior. This
leads to an instantaneous increase in vibration amplitude, resulting in vibrational instability.

3. Condenser geometry and finite element analysis model

The geometric configuration and boundary conditions of the model investigated in this study
are complex; therefore, employing the finite element method to discretize the continuous problem
to obtain approximate numerical solutions [24], [25]. The research flow diagram is shown in

Fig. 6.

Construct three-
dimensional model

I

Import to Workbench
model

1

[

l

|

Define material

Apply loads

Impose boundary
conditions

Perform mesh
discretization

properties

i

Solution and analysis

End

Fig. 6. Research process diagram

3.1. Geometric model

The synchronous compensator rotor investigated consists of a rotating shaft, rotor windings,
damping system, retaining rings, collector rings, and cooling fans, supported by independent
pedestal bearings. The geometric configuration is illustrated in Fig. 7, with main parameters are

shown in Table 1.

1413

JOURNAL OF VIBROENGINEERING. DECEMBER 2025, VOLUME 27, ISSUE 8



RESEARCH ON THE MECHANISM OF BENDING AND TORSIONAL VIBRATION OF ROTOR INDUCED BY WINDING INTER-TURN SHORT-CIRCUIT IN
LARGE SYNCHRONOUS CONDENSER EXCITATION. LYU XUEBIN, REN JIE, LI MING, HUANG JINJUN, QUAN JINGZHOU, ZHANG WANFU, L1 CHUN

Fig. 7. Condenser geometry model

Table 1. Attributes of condenser

Parameter Numerical value | Numerical units
Total length 1 14.7 m
Poisson’s ratio 0.8
Density p 7800 kg/m?
Young’s modulus 2x10'" N/m?
Total mass 77 t
Rated voltage 20 kV
Rated voltage 8660 A
Rated power Prgteq 300 MW

3.2. Finite element model and boundary conditions

The finite element model and corresponding mesh division are illustrated in Fig. 8(a) and (b).
The model predominantly utilizes SOLID186 elements, with SOLID187 elements employed in
localized regions requiring higher mesh resolution. Both are high-order, three-dimensional solid
elements, supporting quadratic displacement interpolation. Each solid element possesses three
translational degrees of freedom.

In this research, the bearings are simplified as linear support stiffnesses Ky and Ky acting on
the rotor, with the parameters listed in Table 2. The connection type was defined as Body-Ground.

bearing 1

a) Three-dimensional structural model b) Mesh division of the finite element
Fig. 8. Finite element model and mesh division

Table 2. Bearing parameters

Bearing | Kyx/N-m"! | Kyy/ N-m’!
Bearing 1 8x107 8x107
Bearing 2 7x107 7x107
Bearing 3 1x10° 1x10°

In the finite element analysis process, the mesh size is a critical parameter that affects both
simulation accuracy and computational speed. Excessively large mesh elements may lead to
significant errors, while overly refined meshes can reduce computational efficiency and increase
costs. To minimize computational time without compromising accuracy, a mesh-independence
verification was conducted. Take the mesh with 5773 elements as the initial mesh, and refine it
gradually. Calculate the first-order critical rotational speed of the rotor under each mesh density
and compare it with result from the previous refinement step. After three refinement iterations,
the observed error is less than 1 %. Therefore, it is considered that the simulated mesh approaches
the requirement of independence. The results are shown in Table 3. After mesh-independence
verification, the number of nodes in this model is 107990, and the number of elements is 57804.
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Table 3. Mesh-independence verification

Calculate steps | Number of nodes | Number of elements Flrst-(?rder critical Deviation
rotational speed
1 10963 5773 12.32 -
2 27798 12268 12.09 1.86 %
3 56030 28351 11.96 1.08 %
4 107990 57804 11.93 0.25%

For subsequent analysis, A total of nine measurement points (A-I) are arranged along the axial
direction, with their distribution shown in Fig 9. Furthermore, points A and I corresponding to
bearing 1 and bearing 2 respectively; points B and H aligned with cooling fan A and cooling fan
B; point E positioned at the mid-span location of the rotor shaft.

point A point B point C pointH  pointI

pointD  pointE pointF  point G
Fig. 9. Measurement point location

4. Analysis of bending torsional coupling vibration characteristics
4.1. Modal and unbalanced response

Modal analysis was performed on the synchronous condenser model using the “Modal”
module in ANSYS, yielding its first three bending mode shapes and corresponding critical
rotational speed. Specifically, when the rotor operates near critical rotational speed, it will cause
significantly increased vibration amplitudes due to resonance. The critical rotational speed
primarily depends on the rotor’s intrinsic properties and the supporting stiffness. A higher rotor
mass or lower support stiffness generally leads to a lower critical rotational speed. The bending
mode shapes are displayed in Fig. 10. Table 4 presents the critical rotational speed and frequency
of the first three modes for the investigated large synchronous condenser provided by the
manufacturer. The results show that the first three critical rotational speed closely match the
frequency.

N T

a) First-order bending b) Second-order bending ¢) Third-order bending
vibration mode vibration mode vibration mode
Fig. 10. The first three bending vibration modes of the condenser

Table 4. The first three bending modes correspond to the critical rotational speed and frequency

Vibration mode Critical rotational speed (Hz) | Frequency (Hz)
First-order bending vibration mode 11.93 11.53
Second-order bending vibration mode 31.27 32.00
Third-order bending vibration mode 89.46 89.91

The harmonic response of the rotor under unbalanced forces was analyzed using the
“Harmonic Response” module in ANSYS Workbench. During the analysis, radial unbalanced
forces perpendicular to each other and with a 90° phase difference were applied to the rotor
surface. The frequency range was set from 0 to 100 Hz with a solution interval of 1 Hz, and the
full method was employed for the harmonic response analysis. The results are presented in Fig. 11,
which clearly shows that the three highest amplitude peaks occur at approximately 12 Hz, 32 Hz,
and 91 Hz. These values correspond closely to the first three flexural natural frequencies obtained
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from the modal analysis, thereby validating the accuracy of modal analysis.

5SE-3 2n
— - — amplitude
4E-3 | i — phase
& 3ps3} ; El
E | 103
= i s
i ] =
< I
| - =
IE3F i T
OB-+0 bttt L s e g
0 20 40 60 80 100
frequency(Hz)

Fig. 11. Harmonic response of the rotor

Rotor static unbalance is one of the most fundamental and prevalent types of imbalances in
rotating machinery. Its core characteristic is that the mass center of the rotor does not coincide
with its rotational axis. This imbalance is detectable under static conditions, as illustrated in
Fig. 12. It can be achieved by adding or removing mass in a single plane to restore coincidence
between the center of gravity and the rotational axis.

Fig. 12. Schematic diagram of static imbalance

The simplified formula from ISO 21940 for rotor balancing is given in Eq. (18), based on
which the allowable unbalance mass-radius product can be calculated:

60
[mperr] =MXGX E, (18)
where, My, is the permissible unbalance mass; M is the rotational mass of the component; G is

the balancing quality grade; r is the correction radius; n is the angular velocity.
Therefore, the allowable unbalance force can be expressed as Eq. (19):

F = [mye,r|w? (19)

In the transient analysis, the unbalance force is applied as a time-dependent function that
reflects the rotational periodicity, with force components defined as Eq. (20):

{Fy = F -sin(t - 2w - n/60),

F, = F - cos(t - 2m - n/60). (20)

At the operational speed of 3000 rpm, apply the unbalanced force calculated by Eq.(20) to the
rotor. After rotor dynamic analysis, taking point D as the monitoring point, the unbalance response
spectrum is shown as Fig. 13, revealing a maximum vibration amplitude of 3.13 um.
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vibration amplitude(pm)
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0.2 0.4 0.6 0.8 1
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Fig. 13. Static unbalance response
4.2. Influence of inter turn short-circuit torque on shaft bending vibration

The schematic diagram of the inter-turn short-circuit in the stator winding is shown in Fig 14.
Under normal operation, the stator winding employs a three-phase wye-connected configuration
with dual parallel branches per phase, where Y represents the neutral point. The three-phase stator
windings are designated as A, B, and C, with each phase comprising two parallel branches. for
instance, phase A comprises branches a, and a,, the currents in branches a; and a, are i ; and
i42, respectively; the current of phase A is iy. The other two phases follow the same pattern.

Fig. 14. Schematic diagram of stator inter-turn short-circuit structure

When two or more adjacent turns within the same winding become short-circuited, it will
generate electromagnetic torque on the entire system, which will affect the vibration of the rotor.
When inter-turn short-circuits occur during rotor operation, the instantancous torque varies
depending on the proportion of shorted turns. The peak instantaneous torque Tjq relative to the
rated torque Ty4z0q Can be approximated by Eq. (21):

T
peak =k- 30.7’ (21)

Trated

where, 8 is the proportion of shorted turns; k is the proportionality coefficient (Non-salient pole
machines: k = 0.1, Salient-pole machines: k = 0.15).
The rated torque is calculated as Eq. (22):

60Prated

2nn 22)

rated =

where, Prated is the rated power.
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This study investigates four inter-turn short-circuit scenarios with 5 %, 15 %, 30 %, and 50 %
shorted turns respectively. The peak instantaneous torques reach 3 %, 8 %, 15 %, and 20 % of the
rated torque. The peak instantaneous torques calculated for different short-circuit scenarios are
shown in Table 5.

Table 5. Peak instantaneous torque under different short-circuit conditions

The proportion of shorted turns | Tpeqr / N'm
5% 11729
15 % 25307
30 % 41111
50 % 58783

At t = 0.5 s, apply instantaneous torques corresponding to four short-circuit conditions to the
synchronous compensator model under static unbalance. Take point D as the monitoring point, its
amplitude variation is shown in Fig. 15.

10F 10

10k 10k ‘

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
time (s) time (s)

a) 5 % short-circuit condition b) 15 % short-circuit condition

stk

A A

5h

vibration amplitude(pum)
vibration amplitude(pm)
=1

vibration amplitude(um)
=)

vibration amplitude(um)
(=]

Tt . ‘ . 1ot . . .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
time (s) time (s)
¢) 30 % short-circuit condition d) 50 % short-circuit condition
Fig. 15. The influence of short circuit turns ratio on rotor vibration under static unbalance

The results demonstrate that under the condition of 5 %, 15 %, 30 %, and 50 % short-circuit
conditions, the maximum vibration amplitudes reached 3.34 pm, 4.02 um, 5.41 um, and 7.20 pm
respectively, representing increases of 6.71 %, 28.43 %, 72.84 %, and 130.0 3% compared to
before the short-circuit condition.

Taking the 15 % inter-turn short-circuit condition as the research subject, analyzes the
maximum vibration amplitudes along the axial direction before and after the application of
transient torque at various measurement points. The results are presented as Fig. 16.

As shown in Fig. 14, under static unbalance conditions, the synchronous compensator rotor
exhibits its maximum vibration amplitude of 4.56 pum at point I during operational speed. After
torque excitation, the maximum vibration amplitudes are observed at points B and I, reaching
9.23 pm and 9.32 pm respectively. These values represent increases of 242.4 % and 104.4 %
compared to before the short-circuit condition.

Changing the imbalance type on the rotor, and analyze its vibration characteristics under
dynamic unbalance. Dynamic unbalance refers to uneven rotor mass distribution, which generates
both centrifugal forces and a couple moment. It must adjust the mass distribution on two separate
correction planes to counteract force and torque. The schematic diagram is shown in Fig. 17.
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Fig. 16. Vibration amplitude variation before/after short circuit under static imbalance

vibration amplitude(pm)
[ee)

Fig. 17. Schematic diagram of dynamic imbalance

The dynamic unbalance magnitude acting on the rotor can be calculated by Eq. (23):

M = [mperr](ZRn/60)2lAB, (23)
2
where, 1,5 is the distance between cooling fan A and cooling fan B.

In the transient analysis, the dynamic imbalance load is applied through functional loading
based on rotational periodicity characteristics. The dynamic unbalance is decomposed into a sine
function in the y-direction and a cosine function in the z-direction, both expressed as functions of
time. The expression is shown in Eq. (24):

A@,:}W*-gn(t-Zn-é%),

MZ=M*-cos(t-2n-%).

24)

At the operational speed of 3000 rpm, apply dynamic imbalance to the rotor for analyzing.
Take point D as the monitoring point, the dynamic imbalance response spectrum is shown in the
Fig. 18. The result shows that the maximum vibration amplitude is 3.7 pm.

At t =0.5 s, apply instantaneous torques corresponding to four short-circuit conditions to the
synchronous compensator model under dynamic unbalance. Select point D as the monitoring
point, its amplitude variation is shown in Fig. 19.

The results demonstrate that under the condition of 5 %, 15 %, 30 %, and 50 % short-circuit
condition, the maximum vibration amplitudes reached 4.32 pm, 5.68 um, 7.26 pm, and 10.11 pm
respectively, representing increases of 16.76 %, 53.51 %, 96.49 %, and 173.24 % compared to
before the short-circuit condition.

Taking the 15 % inter-turn short-circuit condition as the research subject, analyzes the
maximum vibration amplitudes along the axial direction before and after the application of
transient torque at various measurement points. The results are presented as Fig. 20.
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Fig. 18. Dynamic unbalance response at point E
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Fig. 19. The influence of short circuit turns ratio on rotor vibration under dynamic unbalance
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Fig. 20. Vibration amplitude variation before/after short-circuit under dynamic imbalance

As evidenced in Fig. 18, under dynamic imbalance conditions, the vibration of the rotor is
close to the bending vibration mode of the second sister, meaning the vibration amplitudes at the
middle and both ends of the rotor are relatively lower. After torque excitation, the maximum
vibration amplitudes are observed at point B, reaching 6.65 pum, increasing 116.6 % compared to
before the short-circuit condition.

By comparing the vibration response of the rotor under static and dynamic unbalance, it can
be found that the vibration amplitude of the rotor is larger under dynamic unbalance, and the
proportion of amplitude increase is also higher under torque excitation than under static unbalance.
This is because the operating speed of the rotor approaches the second-order critical rotational
speed, and dynamic unbalance can also cause the rotor vibration mode to approach the
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second-order bending vibration mode. The combined effect of them will amplify the amplitude.
Therefore, during industrial operation, it is advisable to avoid the second-order critical rotational
speed and minimize unbalance, particularly dynamic unbalance.

Additionally, as shown in Fig. 14 and 17, under both static and dynamic unbalance conditions,
the rotor’s vibration amplitude increases with the proportion of shorted turns after torque
excitation. Reference [26] conducts research on eccentric faults, concluding that under the
influence of varying degrees of inter-turn short-circuit, the changes in the rotor vibration and stator
circulating current of the synchronous motor in both the time and frequency domains follow the
same trend. The research results of this reference are consistent with this paper.

5. Conclusions

This article investigates the coupled bending-torsional vibration mechanism of rotors under
transient torque excitation induced by inter-turn short-circuit in excitation windings. Both
theoretical and finite element analytical models of the rotor were established, with the principal
findings summarized as follows:

1) Established the math model of rotor bending-torsion coupling, and verified its accuracy by
using the fourth-order Runge-Kutta method. And the existence of bending-torsion coupling
phenomena in the rotor system has been experimentally verified.

2) A finite element analysis model of a condenser rotor was established, and the first three
bending frequencies were determined to be 11.93 Hz, 31.27 Hz, and 89.46 Hz. The accuracy of
the finite element model was verified by comparing it with the frequency and harmonious
response.

3) Under both static and dynamic imbalance conditions, the vibration amplitude of the rotor
increases with the increase of the shorted turn ratio. Consistent with the research results of existing
relevant literature.

4) At the operational speed, the rotor’s mode shape under dynamic unbalance approaches the
second-order bending vibration mode. Therefore, the vibration amplitude before and after being
stimulated is larger than that under static imbalance. This can provide valuable guidance for
industrial applications.

In this study, the bearing properties implemented feature equivalent linearized stiffness, with
values remaining invariant under varying load conditions. It’s a limitation of the study, reference
[27] and [28] provides relevant methodologies in this field. Besides, this study also does not
consider thermal effects, which may introduce errors in the computational results. Therefore,
future research should address the limitations identified in this study to enable more
comprehensive investigations.
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