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Abstract:  On the basis of the study of transient eddy current field in the end region of turbogenerator and electromagnetic
force of end-region winding, this paper analyzes the electromagnetic vibration of the turbogenerator roundly. A 320 MW
turbogenerator is taken as an example to specify the electromagnetic force of end-region winding and therefore the vibration in
the case that the generator is affected by impact load. Some conclusions are drawn on the basis of the specification. Vibration
of windings under imaginary faults is simulated, so that the vibration law of the end winding of turbogenerator can be studied
further. On the basis of this, the countermeasure against winding vibration can be advanced.
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When the generator operates under impact load, concomitant vibration may either cause instantaneous
mechanical damage to end winding of the stator, or aggravate mechanical fatigue of the winding, which make up
reasons of operation breakdown''' . In order to attain the vibration amplitude and distribution of turbogenerator
end-region winding under impact load, it’s necessary to specify the vibration condition of turbogenerator end-region

winding in such operation condition.
1 Mathematical Model of Winding Vibration in the End Region

Compared with the cross-section, the length of stator 1y}

winding in the end region of turbogenerator is much larger in (x.0)
. T . plast
size. Therefore, the end winding can be regarded as elastic

structure system that is composed of slim beam segments. The T r T r T r T r t T r T t r r r r
cross vibration of slim beam is shown in Fig.1.

Fig.2 shows a separate tiny beam with the length of dx %
and the force it bears. Where (), M are shear force and - il 7!|<di
. Py . . .
flexural torque on the cross-section, pAdx ZY is the inertia — ! —

a¢
force born by the tiny beam segment dx. From the force Fig.1 Sketch of vibration in the cross direction of the beam

balanced equation

ﬂz _ & p(x,t)dx (x.0)d
ax‘p“oAaﬁ (1) m(x,t)dx

where p is the external force; p is the density of the beam; A ¢ * * *

M
\ M + ™ dx
is the area of the cross-section. \1 3|3/¢

From the torque balanced equation M 0 +%de
X
aIM 2 dx
_ 7 <3
Q = g tm (2) pAdz 55

where m is the external torque.
Substitute Eq.(2) into Eq. (1), we obtain

PM  Im >
ax2+ax=p‘pA# 3)

Fig.2 Force diagram of the tiny beam segment
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82
Substitute the relationship between flexural torque and flexivity M = EJ 8_% into Eq. (3), we obtain
) x
J? J? z) Iy J
8962(Ejax2 + pA op =p(x,t)—£m(x,t) (4)

where E is the Young’s modulus of the material and J is the moment of inertia.
The above equation is the transverse vibration equation of slim beam. For beam of uniform cross section, the

bend strength EJ is constant, and Eq.(4) becomes

4 2
d y d y _ d
EJ Py + pA Pra p(x,t) *axm(x,t) (5)

2 Analysis of the Vibration in the End Region of Stator Winding

2.1 Assumption

Before the vibration analysis of stator winding in the end region of turbogenerator, we suppose

1) Stator winding is composed of linear elastic and continuous material.

2) The distortion extent of stator winding during vibration is much smaller than the size of the stator. Besides,
the change of external force during vibration can be neglected.

3) The material accords with generalized Hooke’s law, i.e., the relationship between its distortion and
external force is linear.

With these assumptions, the stator winding in the end region can be regarded as linear system. Therefore,

synthetical effect of various loads accords with the principle of superposition”’ .

2.2 Specification of the moment of inertia of stator winding

When analyzing vibration of stator winding in generator, the moment of

inertia J of the cross-section of stator winding to central axis must be

attained. Fig.3 shows the sectional view of stator winding of generator.

The moment of inertia of arbitrary cross section to arbitrary pair of

orthogonal axes equals to the sum of the moment of inertia of the cross section

= N

to the pair of centroidal axes that are parallel to this axes pair and the product X v
. . . [
of the cross section area and the square of the distance from the centroid of b
B

the area to the axes pairm . Therefore, the moment of inertia is attained by

shifting the neutral axis B/2.
Fig.3 Sectional view of stator winding

J = n[TIZ(HB3—hb3)+%2(BH—bh>] (6)

where n is conductor number of stator winding.
2.3 Analysis of transverse compulsory vibration of stator winding

The winding segment that bears continuous distributed force is supposed to be a beam with lumped mass m;
located at position i, which bears the acting force p; . Therefore, when the beam vibrates, the relationship between
flexivity y, at position i and acting force and inertia force can be expressed as follows:

yi = kn(pr = mig) + kp(py = ma§s) + kyy(ps = msys)
¥s = kn(pr = mi31) + kn(py = man) + kyy (ps = my33) (7)
ys = ku(pr = mi3) + kp(py = main) + ks (ps = my33)

The above equation can be expressed in matrix form

Y = K(P - MY) (8)

where
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ky ko kg Y1 m, Pi
K=\|ky kn knl|, Y=|m], M = m, , P =|p
by ky ky Y3 ms P3

In the above equation, k; means the displacement of system from i when it bears unit force at position j.

The displacement of stator winding in the end region in the process of vibration is very small, which is usually
micron order, while electromagnetic force of winding ranges from several hundred to one thousand N. As a result,
the inertia force caused by accelerated speed is so small that it can be neglected**’ compared with electromagnetic
force born by the winding. Therefore, the displacement equation according to different positions of the beam can be
simplified as

Y = KP

3 Calculation Examples

(95]
[=]
T

As specified in the previous paper, the No.2 generator of

R
T

HuaNeng Plant (Nanjing) is again taken as example to

analyze the electromagnetic vibration of turbogenerator under

Displacement/pm
®
T

impact load. The sketch end structure can be referred in Fig.

—
[\S]
T

1 of the previous paper.

On the basis of calculation of electromagnetic

0 1 | 1 1
) o . . o 24.20 24.24 24.28 24.32 24.36 24.40
density of stator winding, vibration of stator winding of Time/s

distribution in the end region and electromagnetic force

turbogenerator in the end region is specified. Fig.4 lists the Fig.4 Vibration displacement of segment No.27 in the

curves of displacement-time of No.27 segment of stator upper layer under impact load
winding under impact load respectively. From the figure

below, it can be learned that the vibration displacements of the winding segment reach its maximum values after 24.
32's, because of violent fluctuation of current.

Fig.5 shows the overall vibrations in the end region of stator winding at the moment ¢t = 24.2825s and ¢ =

=R 83

—
N

Displacement/pm
S

=)}

[\ ]

Winding of upper layer

Winding of lower layer N

(a) (b)

Fig.5 Vibration of winding in the end region. (a) At the moment ¢ = 24.282 5 s under impact load; (b) At the moment ¢ =
24.32 s under impact load
24 .32 s respectively. From both figures, it can be learned that vibration amplitude in the upper layer is much larger
than that of the lower layer. Besides, no matter upper layer or lower layer, vibration amplitude near the nose is
much larger than that of the linear part. This accords with the fact in operation'® .
From the result, it can be concluded that the vibration displacement of stator winding under normal load is
smaller than that under impact load. For example, the maximum vibration displacement of segment No.27 is 18.982

pm under the load of 80 percent of rated load, and 28.526 pm under the impact load. The former is 66.5 percent of
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the later in value. This reflects the extent to which vibration of the end winding aggravates.

4 Discussion

4.1 Suppose a loose bandage

If the winding vibrates violently in a long term, the settled

structure of end winding becomes loose, and vibration of the

Displacement/pm
8

winding is aggravated. Fig.6 shows the vibration of end winding

at the moment ¢t = 24.32 s in the case that a bandage near the

nose of winding in the upper layer becomes loose. Fig.7 shows Winding of upper layer

the curve that vibration displacement of segment No.30 of the Winding of lower layer

upper layer changes with time. Obviously, when a bandage is T4 ™

loose, vibration displacement of the upper layer is much larger

than that in normal condition. For example, the vibration Fig.6  Vibration of end winding at the moment ¢ = 24.
. . . . 325 in the case of loose bandage
amplitude of segment No.30 where the most violent vibration

occurs is 267.8 pm at the moment ¢ = 24.32 s, while vibration 350 -

displacement of segment No.27 where the most violent vibration 300+

occurs in normal condition is 28.526 pum. The later makes up g 250 -

10.6 percent of the former. Therefore, the settled structure of % 200 -

stator winding in end region of turbogenerator is very important. § 150

Loosed or broken-off structures will lead to violent vibration of Z? 100

stator winding. 50

4.2 Change bandage position %20 24 2 M@ 243% %40

Time/s
In order to decrease vibration near nose of the winding, a

new bandage is appended and the originally adequately Fig.7 Displacement-time curve of vibration of segment

distributed bandages are changed. I.e., the distance between No-30 in the upper layer
two adjacent bandages that are near to the nose is decreased, while the distance between two adjacent bandages that
are far away to the nose is increased.

Fig.8 shows the vibration of upper and lower layers of
stator winding at the moment ¢ = 1 ms in the case of three-phase
short circuit after bandages are resettled as specified above.

The calculation result shows that vibration amplitude of
segment No.27 is 37.8 percent of that before resettling.

Therefore, the maximum vibration amplitude is decreased

Displacement/pxm

greatly by resettling bandage positions. Undoubtedly, in some
positions, resettling the bandages has amplified the originally

small vibration amplitude. However, the maximum vibration
amplitude is decreased through resettling bandages. And as a  Winding of upper layer

whole, the vibration distribution is more uniform. From the Winding of lower layer

analysis above, it can be learned that appropriate distribution of
the bandage positions and increased bandage numbers can
g P 8 Fig.8 Vibration of stator winding at the moment of ¢ =

improve vibration of the winding. 1 ms after bandages are resettled

5 Conclusions

In this paper, vibration of end winding of turbogenerator under impact load is calculated. The result shows that
impact load aggravates vibration of end winding. Some laws of the winding vibration are attained:
1) The vibration amplitude of end winding in different segment is a function of electromagnetic force density

and position of this segment.



68 Huang Xueliang, and Hu Mingiang

2) The vibration amplitude of the upper layer end winding is larger than that of the lower layer at the same
time. This is mainly because of different magnetic flux density.

3) The vibration amplitude of winding near nose is larger than that of winding in the linear part.

4) According to vibration distribution law of winding, the settled structure of end winding can be resettled
appropriately so that the maximum amplitude of winding vibration can be decreased, and as a result, the vibration

distribution is more uniform.
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