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Abstract

In recent years, with the rapid development of China's nuclear power industry, nuclear
generator has also been actively developed. Because the unit capacity of the generator is
increasing, so working life and operational reliability of the generator are also being
tested. Among them, transient thermal running ability of the generator is one of the key
factors affecting working life and operational reliability of the generator. This paper
mainly analyzed the negative sequence current and the transient negative sequence
component of the generator during asymmetric operation, and elaborates the principle of
the generator negative sequence component harmonic. The paper has reference value for
in-depth study of the generator negative sequence component.
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1. Introduction

At present, in the power structure of our country, thermal power unit still occupies an
important position, but according to the economic analysis of Germany's Siemens, the
unit cost of 1000MW capacity level units is 30% lower than the 600MW capacity level
units, Therefore, for the maximizing of economic benefits, nuclear power motor has
attracted people's attention [1-2].

With the continuous development of motor manufacturing technology, the unit
capacity of motor is increased, the electromagnetic loads and thermal loads of large
generators is increased. For the above reasons, the temperature of the various components
of the motor is increased, thereby affecting the life of the motor and the operational
reliability [3-4]. In recent years, with the development of ventilation and cooling
technology, the steady-state thermal operating ability of the large generators has been
greatly improved, but the transient-state thermal operating ability have not been
improved [5-6]. The temperature and fever which is caused by a variety of conditions
negative sequence eddy is one of the important indicators for studying transient thermal
generators running ability.

Generator running in asymmetric process will produce negative sequence current, due
to the skin effect, the loss of negative sequence current which is produced in the rotor
surface is particularly obvious, so the ability to accurately calculate the negative sequence
is especially important. In summary, both from theoretical research and practical
application, in the running process, the research of electromagnetic and temperature
distribution of the steam turbine generator using on nuclear power negative sequence is of
great significance.
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2. The Formation of Negative Sequence Current

In normal operation, the generator armature windings contain the positive sequence
current without negative sequence current and zero-sequence current. When the generator,
transformer or transmission line appear failure which resulting in asymmetric operation,
the generator armature windings will produce negative sequence current. Negative
sequence current and the magnetic field will interact with each other, then it will generate
twice power frequency electromagnetic torque, the twice power frequency
electromagnetic torque will lead to the stator and rotor of the generator producing
mechanical vibration, the twice-frequency is in the natural resonant frequency range of
the rotor, so it may cause the rotor resonance, resulting in shaft fatigue wear and aging,
the more serious consequences is damage to the motor [7].

Negative sequence magnetic field generated by the current negative sequence will
swirl and eddy current losses in the rotor, the eddy current loss can cause the
overheating of the rotor, sometimes it may burn the rotor. In the rotor, the heat of

structural member are proportional to the time T and (I;)Z, so for measuring the

rotor heating and negative sequence current I;and the time T relationship, It can be
expressed as

jgwtzu;ftzA (1)

3. The Calculation of Transient Negative Sequence Component

For decades, the internal fault digital research methods of the stator winding of
synchronous generator can be divided into the following categories: symmetrical
components, phase coordinate method, multi-loop analysis and finite element method [8-
12]. Symmetrical components which can be see that three-phase current is superimposed
by positive sequence components, negative sequence component and zero sequence
component. Symmetrical component method is based on the basis of linear superposition,
so the nonlinear system cannot be directly applied. This article will use the symmetrical
components for the failure analysis of turbo-generator.

3.1. The Mathematical Model of Symmetrical Components to Calculate the
Transient Negative Sequence Component

When the generator is run in Asymmetric, three-phase unbalanced currents I'A,

I'B , I can be divided into three groups Symmetrical components which are positive

sequence current, negative sequence current and zero-sequence current. the following
relationship between them:

=1+, +13 (2)
lg=05+15+13=al;+al, +1} 3)
=0 +Ic+12=al; +a%l, +1} (4)

.2
. iz
The charactera is a operator, a=¢ 3
Symmetrical components of negative-sequence current is expressed as follows:

|;=%u;+a48+mg) (5)

42 Copyright © 2015 SERSC



International Journal of Hybrid Information Technology
Vol.8, No.4 (2015)

Negative sequence capability of the generator rotor is related with the maximum
allowable temperature of the metal surface. The negative sequence capability which is
determined by each material component of the maximum allowable temperature is called
homeostasis negative sequence ability, the transient negative sequence capability is
determined by the transient allowable temperature limits of the rotor surface.

Currently, at home and abroad, the negative sequence current per-unit value Iz* is
characterize as the negative sequence capability of steady-state generator, the transient

t
negative sequence is described as Iizzdt=(|2*)2t = A, where i, is the instantaneous
0

value of the negative sequence current flowing through the generator. The negative
sequence capability of the motor is measured through the experimental method, according
to the loss relationship that positive and negative sequence current is generated between
the rotor surface, the motor which can withstand the maximum negative sequence current
is determined.

2.2. The Negative Sequence Component Analysis of the Short-circuit Fault

For example, AP1000 type half speed turbine generator, analysis of the motor transient
negative sequence component calculation, some parameters of the generator is showed in
the following Table:

Table 1. Generator Parameters

Rated Power Rated Rated Excitation frequency speed
capacity factor voltage current current
1407MVA 0.9 24kV 33847A 9265A 50Hz 1500r/min

Setting the initial state of the generator is load operation, three-phase short circuit is
occurred suddenly in the initial phase angle oz, = 0" (A vertical axis relative to the axis of
the straight) , this time the three-phase current is as followed:

t t t
== (. "=17)e "+ —1 )e " +1_|cos(wt+a,)+]1 "cosee ™
i t ] _t
o= (1"~ 17)e T (17 —1 )e % +1_|cos(et +a, ~120)+1 " cos(er, ~120)e = (6)
: _t _t 7 _t
ic=—[ (I, =10 "+, ~1_)e ™ +1_ [cos(wt+a,—240")+1 " cos(e, —240°)e ™
The non-periodic component of the A phase short-circuit current is:
t
i T
i,. =1 cosa,e (M

The three-phase stator windings in spatial arrangement is 120° / p between each other,
p is the pole pairs, for 4-pole motor, three-phase non-periodic component in the spatial

arrangement is 60 °120° / p between each other , which is formed of a resultant magnetic
field, the non-periodic component of the phase is said as i, :

_t \/E

H 1 " T, "
|,=§Imc05a0e S 4

E
Xy

(8)
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From Equation 8, i, shows the amplitude, when ¢, =0 and 180 °, i, is maximum,
when ¢, =90°and 270" is minimum, Figure 1 is the synthesized curves when the three-

phase current i is , =0°,30° and 60°.

0 ! L ! L
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Time t(s)
Figure 1. The Synthetic Current of Non-periodic Component

t
Transient negative sequence ability is calculated based on _[ifdt =(1,)*t=A, so here
0

using the square with a synthetic non-periodic component of the current to the integral of
time represent the non-periodic component equivalent negative sequence ,because the
stator current loss in the surface of the stator is proportional to the square of the
frequency, imputed to the negative sequence current under the same frequency so that the

frequency is multiplied by the imputed coefficient 1/4, A, the equivalent negative
sequence of synthetic non-periodic component is indicated by A, :

t 1 T 2
i.2dt = —(cos® &, )1"*=2 (1—e " 9
Jifdt= g cos’an)l 2 0-e ) ©)

1
A7

t
when t = 60s ,the value of equationfifdt =(1,)’t = A is calculated, at this time ,this
0

value is represented as the transient negative sequence ability. So among the transient
negative sequence generator ability A ,in addition to containing the losses which is
generated by the stator negative sequence current ,it also contains the losses which is

generated by non-periodic component ,it is composed by A and A, .

A=A + A (10)

According to the design standards of the motor, requiring them to be able to withstand
the transient negative sequence ability A=5s. The losses A which is generated by the
negative sequence current in the rotor is independent of the initial angle. The losses from
non-periodic component, when the ¢, =07, A, is the maximum, when ¢, =90°, A, is the

0s.

(1) When the generator phase short-circuit, due to symmetrical three-phase current, no
negative sequence currents, so = 0s. Calculated, when the worst case, only the non-
periodic component losses on the rotor at about t = 1s maximum 2.66s.
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Figure 2. The Equivalent Transient Negative Sequence of Non-periodic

Component

From the above calculation and analysis, within the scope &, =0° ~90°, the impact of
the non-periodic component to the transient negative sequence shows a decreasing trend,

when ¢, =0, the impact is serious..

(2) When the generator occurs an external phase short circuit, when o, =90°, A, =0s
, this time to calculate the transient A which is generated by negative sequence ,when
transient negative A=5s, computing t = 22.5s. setting the short initial anglescr, as 0° .

30°. 60°, the value of t respectively is13.46s, 15.72s, 20.24s. the per unit of negative

sequence current is 1,

Transient negative sequence component (s)

=0.67.
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Figure 3. The Transient Negative Sequence of Interphase Short Circuit

In this case the calculation of transient negative sequence if using traditional
algorithms to calculate the transient negative sequence, only to calculate the negative
sequence current is t =22.5s, while using the formula (9) and (10), the value of t should be
between 13.46 ~ 22.5s, this suggests that transient negative sequence may not accurately
indicate the actual ability of the damage.
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4. Harmonic Generation Mechanism of Asymmetric Load Conditions

4.1. The Mechanism of Negative Sequence Component Leading the Turbogenerator
Generated Harmonics

When the synchronous generator is in asymmetric conditions, in the armature
windings, the fundamental frequency AC quantities is generated. This fundamental
frequency can be divided into positive, negative and zero-sequence component, the
magnetic field which is in the air gap is generated by the positive sequence component; in
the three-phase winding , the pulsating magnetic field which is generated by the zero
sequence component of the fundamental frequency pulsating magnetic field is the same
size and the same phase.

Since the three-phase stator windings is spatially symmetric, zero-sequence field
is formed for each phase winding of the leakage magnetic field, but impossible to
form a composite magnetic field in the rotor space, and thus has no effect on the
rotor winding.

|+ 1 1 a a2 IA
I :51 a’ allls (11)
. 1 1 11i:
lo lc

3.2. Harmonic Analysis Principle

In the international, Harmonic is defined as one cycle sine wave components of the
electrical component, whose frequency is an integer multiple of the fundamental
frequency.

Fourier series decomposition method is an effective way to study harmonic. as long as
the arbitrary waveform meet the Dilikeli, then the conditions can be broken down into the
following Fourier series:

f(t) = A+ D (A cos(hat) + B, sin(hapt)) = Ay + > C, sin(hapt + ¢, (12)
h=1 h-1
f (t) —the periodic function, frequency is f, ,the angular frequency ), =2nf, ,
period T =1/ f, =21/ ay, ;
C,sin(hapt +¢)—h fundamental component;
C, sin(hayt +¢,) —h harmonic componen, Amplitude C,, frequency hf,, phase

b o
The coefficients of Fourier series is as followed.
LMt =2 [P f (O dx(x = ot 13
A= [, FOd=— |7 f Odx(x=ayl) (13)
aw hat)dt == [ f hx)d
A :?L (t) cos(hayt) t:E IO (t) cos(hx)dx (14)
2 (T . 1 po2n .
B, == jo f(t)sm(ha)ot)dt=; jo f (t)sin(hx)dx (15)
C, =A’+B (16)
@, = arctan(%) (17)

h
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(1) Symmetry

The characteristic of the odd symmetry function is f(-t)=—f(t) , when the
function is expanded into a Fourier series ,it contain sine but no cosine; The
characteristic of the even symmetric function is f(—t) = f(t), when the function is
expanded into a Fourier series ,it contain no sine; The characteristic of half-wave

. T N : : :
symmetry is f(tJ_rE) =—f(t), when the function is expanded into a Fourier series

,it contain no DC component and even harmonics; The composition of the power
system are generally two-way symmetry element, the voltage and current which is
generated by these elements have a half-wave symmetry. This feature allows that the
power system harmonic analysis can ignore the even harmonics.

(2) The Measurement Method of Harmonic Distortions

Based on the theory of Fourier series described earlier, the periodic current or
voltage waveform distortion is expanded into Fourier series:

i(t) = i i, (t) = iﬁ I, cos(hayt +6,) (18)
Ut =0, 1) =3 V2U, costhat + 0,) (19)

where:
[, —h harmonic current valid values .

6,—h harmonic current phase;

U, —h harmonic voltage valid values;

@,—h harmonic voltage phase;
@,—Fundamental angular frequency ; @, = 2nxf;
f,—Fundamental frequency, f, =50Hz;

H —the order of high harmonics,
the valid values of distortion voltage and current [14]:

L _ &
URMS—\/? [ v dt = ;uh (20)

17, & o
l s = \/? [ iP@at z\/hz;lh 1)

Voltage distortion factor VDF , also known as voltage total harmonic distortion
THD,, , current distortion factor CDF , also known as the current total harmonic

distortion THD,:

_ 1 S 2 _ URMS 2
THD, ==, > U} = [(—24)? -1 (22)
Ul h=2 UlRMS
_i N 2 _ IRMS 2
THD, == > 17 = [(-*¥)* -1 (23)
I1 h=2 IlRMS

where:
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U, —Fundamental voltage amplitude ;
|, —Fundamental current amplitude.

5. Conclusion

(1) in the transient negative sequence ability A, it not only contain the losses which is
generated by the negative sequence current ,but also contain the losses which is generated
by Non-periodic component of the current.

(2)At the interaction between rotating magnetic field in the stator and pulsating
magnetic field in the rotor winding currents, stator current contains odd harmonics, while
the rotor current contain an even number harmonic components;

(3) The power system generally have a two-way, so in order to analyze the power
system harmonic, it can ignore the even harmonics.
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