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Abstract: Inter-turn short circuit of field windings (ISCFW) is a common generator fault which
can result in serious safety accidents for power systems, if the fault is not eliminated in time.
Taking advantage of the electrical and mechanical characteristics of the generator after a fault as
a fault criterion is a new idea for fault monitoring, so finding out the frequency and amplitude
frequency characteristics of rotor unbalanced magnetic pull (UMP)—the vibration excitation source
of the fault—is the basis and key of the research. Taking a six-pole generator as an example, the
effects of harmonic magnetic motive force (MMF) interaction on rotor UMP, as well as the frequency
characteristics of rotor UMP after generator faults in different stator windings, are obtained based on
the analysis of the air-gap MMF of the generator after a fault, and the results of theoretical analysis
are verified by simulation. Based on the above results, the simulation calculation on rotor UMP of
generators with three stator winding forms under different operating conditions has been achieved,
to get the relation between rotor UMP amplitude and active power and field current, and to find
out the mechanism of rotor UMP amplitude change along with operating conditions and effect of
stator winding forms on UMP amplitude by theoretical analysis. The conclusions are of important
significance for studying fault mechanical characteristics of generators and lay a foundation for online
monitoring on ISCFW by integrating mechanical and electrical information.

Keywords: synchronous generator; inter-turn short circuit of field windings (ISCFW); unbalanced
magnetic pull (UMP); stator winding forms; amplitude characteristics

1. Introduction

In recent years, the power industry has been developing rapidly, while building size and installed
capacity for all kinds of power stations are increasingly being enhanced, therefore, the safety and
reliable running of generators is more and more important. Inter-turn short circuit of generator field
windings (ISCFW) incidents easily occur, as a result of coil extrusion and friction against each other
during high-speed running or frequent start-ups. The slight short circuit faults won’t apparently
affect generator running [1], but if these faults can’t be removed in time, it will cause the field current
of the generator to increase, output reactive power to reduce, unit vibration to intensify and shaft
neck and bearing bush to be burned, which will seriously threaten the safe and stable running of the
generator and power system [2]. For the reason that the ISCFW can result in serious hidden dangers,
running failures of generator could be effectively avoided to guarantee safe and stable running of
power systems [3], if such faults can be monitored during generator running to find and remove
small-turn short circuits in time.
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Domestic and overseas scholars have made lots of studies on theories and methods in monitoring
ISCFW of generators [4—6] and put forward the coil detection method and shock pulse method based
on magnetic field detection and electrical quantity monitoring method during operation. However,
these existing monitoring methods have corresponding defects and limitations. The coil detection
method is an earlier way to detect this fault which is realized by extracting the fault magnetic field
features by means of a detection conductor or coil in the air gap. Reference [7] described that the
comparative measurement of the magnetic flux density produced by each winding can provide a coil
detection method by placing a measuring coil tangentially and near to the rotor; Reference [8] analyzed
the magnetic field in detail for several operating conditions under healthy and faulty states which are
difficult or even impossible to carry out by available measurement methods in industrial environments
and realizes on-line condition monitoring by the permanent installation of a flux probe on the stator
to measure the rotor magnetic flux. The disadvantages of this method is that detection coils must
be installed on the generator, which is hard to realize for generators that have already been put
into operation.

The shock impulse method achieves the fault monitoring by the analysis of the response curve
of the pulse signal at both ends of the excitation winding. The technique for the ISCFW detection of
generators through the twin-signal sensing method is described in detail in [9]. The reflected signals
can produce a signature signal that contains information about the rotor’s state. The development of
power electronic circuits for generation of the twin signals and detection of the reflected signals has
been described in [10]. The design and fabrication of a lab model to test this technique is summarized
along with the results of laboratory experiments. However, this method is generally applicable to
off-line monitoring of faults, and it’s not an ideal method for on-line monitoring.

The current main ISCFW detection method is to use the electrical quantities of the generator in
operation. Several scholars have proposed that the harmonic characteristic of field currents could be
used to detect ISCFW [11,12]. However, the ac components of a field current in fault are usually so
small that the monitoring sensitivity is very low. There is another straightforward fault monitoring
method which is to use the even order harmonic circular current of two generator stator parallel
branches [13,14]. This monitoring method faces problems such as a low monitoring sensitivity,
large monitoring blind zone, and current transformers cannot be installed on most turbines as well.
Therefore, domestic and overseas scholars have been looking for a new monitoring scheme.

It is a new thought of research to make use of the mechanical vibration characteristics of
a generating unit during a fault as an auxiliary criterion for fault monitoring. The greatest advantage
of using the integration of mechanical and electrical characteristics after faults as the criteria for fault
monitoring is that it can effectively reduce fault monitoring dead zones and make up for individual
use defects such as the impossible of installing current transformer for some turbines. After ISCFW
occurs, the air-gap field will be distorted, and generator rotor will be affected by unbalanced magnetic
pull (UMP), thus the rotor will generate a radial vibration [15]. This provides the possibility to realize
ISCFW on-line monitoring by means of collecting the generator rotor vibration signal of rotor and
finding out the unique rotor mechanical fault characteristics. Therefore, the analysis on excitation
source of vibration—UMP is the basis and key for studying the mechanical characteristics of faults
and is of important significance for the realization of fault diagnosis based on the integration of
mechanical and electrical information. There are some scholars who have explored and studied
the characteristics of rotor UMP and vibration in faults. Reference [16] investigated the radial rotor
vibration characteristics under static air-gap eccentricity and stator inter-turn short circuit composite
faults. The vibration response characteristics based on the UMP model for the generator rotor are
calculated and analyzed in [17]. Reference [18] analysed the rotor UMP of a turbo-generator with an
air gap eccentricity fault under multiple loading conditions.

However, there are still many deficiencies in the current UMP studies. First, none of the above
studies have considered the effect on vibration of the various space harmonic fields, which are
generated by the rotor and stator time harmonic current after the failure. Especially, the prior studies
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on UMP have failed to probe the impacts of different magnetic field interactions on the UMP variations,
which is crucial to reveal the influence of the failure mechanism on vibration. Second, there is a lack of
enough explorations on the effect of stator winding form on UMP, which is key to the applications
of research results to different types of generators. Third, the existing investigations on the effect of
generator operating conditions on rotor UMP are not detailed enough because most of them concentrate
on superficial phenomena and lack a strict theoretical analysis.

In order to cover the three shortcomings in existing research and the problems faced, this paper
presents a more detailed and in-depth study on the amplitude and frequency characteristics of
generator rotor UMP with ISCFW. In the first section, a detailed theoretical analysis on the post-fault
harmonic magnetic motive force (MMEF) in the air gap of a generator is carried out, to get the effect of
interacted space MMF on rotor UMP for the first problem above. In the second section, for solving the
second problem, the frequency characteristics of rotor UMP of a generator with different stator winding
forms after faults were analyzed in detail, and the analytical results were verified by simulations. In the
third section, a comparatively comprehensive analysis on the UMP amplitude variation characteristics
with different operating conditions through sufficient theoretical analysis and simulations has been
achieved to supplement the third insufficient current research on UMP. The influences of stator
winding form on the UMP amplitude variation trends with operating conditions are discussed and
the relationships between generator operating conditions and UMP amplitudes are obtained, which
are vital to probe the rotor vibration response characteristics of generators with ISCFW. The above
three points are the main innovations of this paper compared with previous studies. The conclusions
of this research provide a basis for the investigations on rotor vibration features with ISCFW and
lay a foundation for on-line monitoring of rotor inter-turn short circuits, based on the integration of
mechanical and electrical information.

2. Frequency Characteristics Analysis of Rotor UMP

2.1. MMF Analysis during ISCFW

When the generator rotor of P pairs of poles encounters ISCFW, the symmetry of the field winding
is destroyed, so that MMF generated by direct component of field current not only contains the space
fundamental wave and odd harmonics of normal running (the alternating component is relatively
smaller, so its effect isn’t considered), but also contains spatial even harmonics and fractional harmonics
(1-pole generator contains no fractional harmonics) such as 1/P-th and 2/P-th. The rotor MMF is
expressed on stator coordinate as follows:

wot

Fi(6,t) =)  Frsin[PA(6 — - @D
p)

where F, ) is amplitude of the A-th harmonic MMF, generated by direct component of field current;
wy is synchronous angular velocity and 6 is mechanical angle of the stator coordinates.

The space harmonic MMF arising from a fault can induce odd harmonics and fractional harmonics
in different branches of the same phase of the stator windings. These harmonic current and stator
fundamental current will generate space MMF with different rotational speed, rotational direction and
pole pairs:

F(0,1) =Y ) Fs v sin(Pob £ pwot + @ p0) ()
H v
where Fs ;, , and ¢s 5,1, respectively, represents amplitude and phase of v-th space MMF generated by
the p-th time harmonic current of the stator armature. When space MMF rotates clockwise, =+ is +,
otherwise, £ is —.
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2.2. Calculation of Rotor UMP

Generally, for the non-salient pole generator, the air gap magnetic circuit is uniform and if the position
along stator coordinate is the same, its air gap length [ will be the same. By the air gap MMF obtained from
Section 2.1, the air gap magnetic field density B during a fault can be calculated as follows:

B(6,1) = "2 [R(6,1) + F(0,1)] ©

where 1 is the space permeability. By the Maxwell stress tensor method, the radial electromagnetic
density along any point of rotor surface f, can be calculated:

_ B0,1)
fr= " @

The radial electromagnetic density is disintegrated into f, along axis x and f, along axis y, as shown
in Figure 1 and Equation (5):
{fx = frcosf 5)

fy = frsinf

Stator

Figure 1. Space Vector Disintegration Figure of Radial Electromagnetic Density f.

The electromagnetic density is integrated along rotor surface to get axial component Fy of rotor
UMP at fault along axis x and axial component F;, along axis y:

Fy = L0,D, [*™ f,d#
{ X 2 fO fX (6)

1 27
Fy=5L:D: ), fydo
where L; and D; respectively represent the axial length and diameter of the generator rotor .

2.3. Analysis on Role of Space MMF on UMP

The component along axis x of rotor UMP and that along axis y can be analyzed in a similar
manner, therefore, this paper only analyzes Fy along axis x. To simplify the formula, some parameter
settings are necessary as follows: m,,, = Pv0 + pwot + ¢s v and 1,y = PA (6 — wot/P), then Fy can be
expressed as follows:

p, = LD Py F,asinng )7 cos 6d6 7
= 5m ), [;; s,y,vsmmy,v-l-; LA sinmy A]” cos )
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2.3.1. Effect of the Same Harmonic MMF Respectively Generated by Rotor and Stator on UMP

In Equation (7), the common harmonic MMF generated by the stator or rotor can be respectively
expressed as follows:

Kysp= Fs%]w sin? My, cos 6

1 (8)
— _F2 [— Cos(Zm%v — 9) +2cosf — COS(ZmHIU + 9)]

4 SHv
Kyrr= Frz,/\ sin? 11y ) cOS 0
Lo )
= ZLFD/\[_ cos(2n, ) — 0) +2cosf — cos(2n, ) + 6)]

When variable 6 is integrated within [0, 277], the integral results of 2 cos 6 in Equations (8) and (9) are 0.
The harmonic orders of space MMF generated by stator and rotor during inter-turn short circuit of field
windings (ISCFW) are respectively v =i/P,i =1,2,3,...and A = j/P,j = 1,2,3,..., then the coefficient
2Pv £ 1 of 0 in cos(2my, », & 0) and cos(2n,) £ 6) is not 0, thus the integral results will always be 0.

From the above analysis, it is conclusion that the same harmonic MMF generated by stator or
rotor won't affect UMP.

2.3.2. Effect of Two Kinds of Harmonic MMF Generated by Stator or Rotor on UMP

The items with two kinds of harmonic MMF of stator or rotor can be expressed as Equstions (10) and (11):

K s,v1,05= 2Fs g vy F iy vy S0y 0 SIO I, 15 COS O
1
= EFS/Hl/Vl Fo i, [€08 (My0y,00 = My 0 — 6) — €OS (1, 0y + My 0, — 0) (10)

+ COS(’”MJ’] = My, + 9) - Cos(mm,l/l + My, vy + 6)}

Ky a0, = 2F 0 Frp, sinng ) sinny y, cos
1
= EFr,MFr,Az [cos(n1y ), — My p, —0) —cos(npp, + npp, —0) (11)

+ Cos(nr,)\l - nl‘,/\z + 9) - Cos(nr,/\l + nr,)tz + 9)]

In the integrand of Equation (10), the 8 coefficients in the four trigonometric functions are respectively
Pvy — Pvy —1,Pvqy + Pvy — 1, Pv; — Pvy + 1 and Pvq + Pvy + 1. Pv; — Pvy — 1 and Pvq + Pup + 1 arenot 0,
so the corresponding items are integrated into 0. When Pv; — Pvp, — 1 and Pvy — P, + 1 are 0, integral
results of the corresponding items are not 0.

From the above analysis, it is concluded that the electromagnetic force generated by an item with two
different kinds of stator harmonic MMF is a function of time ¢. Its harmonic coefficient ¢ is a coefficient of :
€ = %1 — (£pp), and its plus or minus selection is the same as Equation (2). The analysis of Equation (11)
is the same as for Equation (10), so it is not necessary to repeat its analysis procedure here. The analysis
results indicate that the electromagnetic force generated by an item with two different kinds of harmonic
rotor MMEF is a function of time ¢ and its harmonic coefficient is e = —A1 — (—A)).

2.3.3. Effect of Two Different Kinds of Harmonic MMF Generated by Stator and Rotor on UMP

Interaction items of two different kinds harmonic MMF generated by stator and rotor can be
expressed as follows:

Ky stvy = 2Fs yvFp ) sinmy, , sinn, ) cos 6
1
= EFs,/A,vFr,A [cos(my,y — nyp — 6) — cos(my,y + nyp —0) (12)

+ cos(my,y — nyp +0) — cos(my,, + 1y ) +0)]
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In Equation (12), the coefficients 8 of the trigonometric functions are Pv — PA — 1, Pv + PA — 1,
Pv — PA+1and Pv + PA +1. Pv + PA — 1 and Pv + PA + 1 are not 0, and the corresponding
trigonometric functions are integrated into 0. When Pv — PA — 1 and Pv — PA + 1 are 0, the integrated
results of the corresponding functions are not always 0.

From the above analysis, the harmonic order of force waves arising from interaction of two
different kinds of harmonic MMF generated by stator and rotor is e = £y — (—A).

3. Analysis and Simulation of Rotor UMP Frequency Characteristics during an Inter-Turn
Short Circuit

The UMP of a generator rotor can’t be measured directly by experiment, and the signals of
displacement and velocity obtained from mechanical vibration experiments can’t accurately reflect
the change characteristics of the excitation source. Therefore, rotor UMP can only be calculated by
simulation. In [19], the calculation model of post-fault rotor UMP was established by analyzing the
space MMF of the harmonic current of stator and rotor generated in the air gap, and the model accuracy
was verified by a combination of experiment and simulation. To verify the accuracy of following
theoretical analysis, the above model is utilized to carry out simulation calculations on rotor UMP of
a post-fault experimental A1553 prototype.

3.1. Analysis on Experimental Prototype

Figure 2 shows the schematic diagram of the A1553 experimental prototype rotor (P = 3). The equal
dividing number of radial slots where field windings are located is 54, but to make the spatial distribution
of field MMF near to sinusoid, three slots are reduced in the central part of each pole and the actual field
slot number is 36. The six slots under each field winding pole are symmetrical about the center line of
the magnetic pole, where three concentric coils are placed (taking the first pole of Figure 2 as an example,
coils are located in Slot 1 and 1/, Slot 2 and 2/, Slot 3 and 3/, respectively), with the number of series turns
for each coil set to 41, so that three coils are in series to form the distributed field winding of each pole.
Windings of six poles are in series to form the overall field winding with a number of series turns of 738.
Additionally, 54 evenly distributed circular damping slots are opened on rotor surface.

Tap 2 (10 turns)
Tap 3 (20 turns)

’

Tap 1 (Top)

Tap 4 (61 turns)

Tap 7 (Bottom) |

Tap 6 (394 turns)
Tap 5 (382 turns)

(a) Experimental prototype rotor and tap distribution.

Figure 2. Cont.
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Pl P2 B3 P4  PB5 PG
10 41 123123 13 12 98 123 123

(b) The position of the field winding tap.

Figure 2. Schematic Diagram of the A1553 Experimental Prototype Rotor.

Each phase of stator windings of the experimental prototype is composed of three branches
in parallel, which structure is as shown in Figure 3. Branches of each phase are composed of coil
assemblies in series-opposing connection. The coil assembly of al branch al;al] exceeds alyal), by
7 electrical radians and the coil assembly of b1 branch b1;b1} exceeds b1,b1} by 7 electrical radians,
but the coil assembly of c1 branch c1;c1} lags behind c1,c15 by 7 electrical radians. This can make
a unit generator correspond to one branch of each phase and can guarantee the spatial position of each
phase of the stator winding is symmetrical to space the fundamental MME, but it can’t guarantee the
symmetry of the fractional harmonic MME.

Figure 3. Schematic Diagram of the A1553 Experimental Prototype Stator.

From [20], it can be concluded that after an inter-turn short circuit of the rotor occurs, different branches
of the same phase of the stator have fractional unbalanced currents, and the order of these unbalanced
currents is consistent with the harmonic MMF order: if and only if |4 — v| = ky,k; = 0,1,2,.. ., the synthetic
MMEF only contains forward components; if and only if 4 + v = ko, kp = 1,2,. ., the synthetic MMF only
contains reversed components. There exist more kinds of unbalanced current of stator after faults, and only
the harmonic current of frequency near to fundamental frequency is bigger, while the others are relatively
smaller. Therefore, only MMF generated by the fundamental current, 1/3-th, 2/3-th and 4/3-th harmonic
current is analyzed. The alternating component in field current is far smaller than the direct component.
Therefore, only the effect of the direct component is considered here. The MMF generated by the A1553
experimental prototype stator branch current is as shown in Table 1.
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Table 1. MMF Generated by A1553 Stator Harmonic Current.

Number of Space Rotation MMF v

Order of Harmonics of Stator Branch

Rotate Clockwise Rotate Anticlockwise
1/3 1/3,4/3 2/3,5/3
2/3 2/3,5/3 1/3,4/3
1 1 -
4/3 1/3,4/3 2/35/3

3.1.1. Interaction Results Analysis of Two Different Kinds of Stator Harmonic MMF

As shown in Section 2.3.2, if Pv; — Pvy —1 = 0 or Pv; — Pvy + 1 = 0, the electromagnetic force
waves with time order of ¢ = y1 — (£2) are generated from two different kinds of stator harmonics
MMEF. The results of interaction for MMF which meet Pv; — Pv; —1 = 0 and Pvy — Pop +1 = 0
are analyzed in Figures 4 and 5, respectively, which show that the fundamental MMF generated by
the stator interacts with the 2/3-th and 4/3-th MME, respectively, to generate i/3-th (i = 1,2,4,...)
fractional electromagnetic force waves.

e=-4/3
{E:—HS‘
=-7/3

T =-1/3 »c=2/3

v =4/3He 1y, =273 ] He=5/3
T4 =—4/3 -‘z:=—1;’3

Figure 5. Force Wave generated by Stator MMF when Pv; — Pv, +1 = 0.

3.1.2. Interaction Result Analysis of Two Different Kinds of Rotor Harmonic MMF

As shown in Section 2.3.2, if PA; — PA; —1 = 0 or PA; — PA; + 1 = 0, the electromagnetic force
waves with time order of ¢ = —A; — (—A,) are generated from two different kinds of rotor harmonics
MME. The results of interaction for MMF which meet PA; — PA, —1 = 0and PA; — PA; +1 =0 are
analyzed in Figures 6 and 7, respectively, where it is shown that the fundamental MMF generated by
the rotor interacted with the 2/3-th and 4/3-th MME, respectively, to generate a 1/3-th electromagnetic
force wave.

[ =1 |~ -4=-1 }—
=273+, =—2/3—L 173
\; :4/3}——|—4=—4z3}7
[ =1~ -4 =-1 —Lfy/3

Figure 6. Force Wave generated by the Rotor MMF when PA; — PA; —1 =0.
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|4 =2/3}-+-4 =-2/3]

| A =1 -4 =-1

~e=13)
[ =473 o=, =-4/3

Figure 7. Force Wave generated by the Rotor MMF when PA; — PA; +1 = 0.

3.1.3. Analysis of Interaction Results of Two Different Kinds of Stator and Rotor Harmonic MMF

As shown in Section 2.3.3, if P — PA —1 = 0 or Pv — PA + 1 = 0, the electromagnetic force
waves with time number of ¢ = £y — (—A) are generated from two different kinds of stator and
rotor harmonics MME. The results of interaction for MMF as Pv — PA —1 =0and Pv — PA+1 =0
are analyzed in Figures 8 and 9, respectively, where it is shown that the two different kinds of
harmonic MMF generated by the stator and rotor interacted to generate i/3-th (i = 1,2,4, .. .) fractional
electromagnetic force waves.

SE=T)
RO SRR =T

»e=2/3
= e=5/3

Figure 8. Force Wave generated by MMF of the Stator and Rotor when Pv — PA —1 = 0.

A=4/3}+-1=-4/3]

[v=1 | zu=-1 Ll o13]

o Tu=1/3 ’ He=4/3]

2

"le?:l,"_1

o tu=4/3 »e=7/3

Figure 9. Force Wave generated by MMF of the Stator and Rotor when Pv — PA +1 = 0.

From the analysis of Sections 3.1.1-3.1.3, when the A1553 experimental prototype has ISCFW,
the rotor is affected by i/3-th (i = 1,2,4,...) fractional electromagnetic force waves along axis x.

3.2. Fault Simulation of Experimental Prototype

Actually, a large-scale generator is generally under networking load operating conditions.
Consequently, this section performed simulation calculation on rotor UMP when the experimental
prototype A1553 has an inter-turn short circuit of 4-5 taps of field windings under networking operating
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conditions and implemented FFT analysis on the calculation results of component along the axis x of rotor
UMP. The main parameters of the experimental prototype A1553 are as shown in Table 2.

Table 2. Main Parameters of the Experimental Prototype A1553.

Rated power Py = 12 kW; Rated power factor cosgn = 0.8 (lagged)
Rated voltage Uy =400 V(Y); Rated frequency fy = 50 Hz;
Air gap length § = 1.5 mm Number of pole pairs P =3
Rated field current Itgn = 16 A Rated speed ny = 1000 r/min
Slot number of stator Z = 72 Coil pitch of stator ys = 10 (number of slots)
Slot number of stator for each pole and each phase g =4 Number of parallel branches for each phase of stator a =3
Number of series turns for each pole of field winding is 123 Number of parallel branches for field winding is 1

Figures 10 and 11 show respectively the simulation results of rotor UMP of experimental prototype
A1553 and FFT analysis results of its component along the axis x. It is clear that the post-fault rotor
will be affected by i/3-th (i = 1,2,4, ...) fractional electromagnetic force waves in axis x. Therefore the
accuracy of our theoretical analysis is verified.

120 ;

Fomp / KN

0 10 20 30 40 50 60
t/ms

Figure 10. Simulation Results of the Rotor UMP of the A1553 Prototype.

100 . :

80 - E

plitude / kKN
S
1

IS
1)
T

1

X

F am

0 50 100 150
Frequency / Hz

Figure 11. FFT Analysis Results of the Rotor UMP of the A1553 Prototype.
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3.3. Analysis on Effect of Stator Winding Forms on Rotor UMP

It is shown from [20] that the stator winding forms have an obvious influence on the harmonic
characteristics of unbalanced current of post-fault stator branches. Consequently, it can be concluded
that the stator winding form is closely associated with the frequency characteristics of post-fault
rotor UMP.

3.3.1. Type A Generator—Stator Winding of Which Spatial Positions Are Fully Symmetrical

A type A generator is obtained by converting the stator windings of the A1553 prototype, making
the coil assembly c1;c1} of windings of phase C also exceed cl,c1) by 7 electrical radians. For such
a type of stator winding, the windings of each phase are fully symmetrical in spatial position, and
the corresponding branch for each phase has discrepancy of 27t/3 electrical radians in succession.
The structure of the Type A generator stator is as shown in Figure 12.

Figure 12. Schematic Diagram of the Stator Structure of a Type A Generator.

From [21], it can be concluded that the branch current of each phase of Type A generator and its
generated harmonic MMF shall meet the following relationships: if and only if [ — v = 3ky|,k; =0,1,2,...,
the three-phase synthetic MMF only contains forward components. If and only if  +v = 3k, kp = 1,2,.. .,
the three-phase synthetic MMF only contains reversed components.

The MMF generated by Type-A generator stator branch current is as shown in Table 3. For the
reason that the stator winding form only affects the harmonic characteristics of stator branch
unbalanced current, if only considering the direct component of the field current, it will be of no
effect on field current. Therefore, the MMF generated by field current is same as that of the prototype.

Table 3. MMF Generated by Stator Branch Current of a Type A Generator.

Number of Spatial Rotation MMF
Number of Stator Branch Harmonics y tmber of Spatia’ Rolation v

Rotate Clockwise Rotate Anticlockwise
1/3 1/3 8/3
2/3 2/3 7/3
1 1 -
4/3 4/3 5/3

The method of analysis on the effect of post-fault Type-A generator stator and rotor MMF on rotor
UMP is similar to that described in Section 3.1, therefore, it is not described here. The post-fault Type-A
generator rotor is mainly affected by 1/3-th, 8/3-th and 10/3-th electromagnetic force waves in axis x.
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3.3.2. Type B Generator—Stator Winding with Two Branches for Each Phase

The stator winding structure of a Type-B generator is similar to a typical turbine, with two
branches for each phase, each phase of which is composed of three coil assemblies in series under the
same pole, as is shown in Figure 13.

Figure 13. Schematic Diagram of the Stator Structure of a Type-B Generator.

Taking the winding A as an example, the coil assemblies under P1, P3 and P5 are connected in
series to al branch, and the coil assemblies under P2, P4 and P6 are connected in series to a2 branch.
From [21], it can be concluded that the winding form of a post-fault Type-B generator can eliminate
the fractional fault electromotive force, and the stator branch unbalanced current only contains even
harmonics. The fault current and its generated harmonic MMF meet the following relationships:
if and only if |y —v1| = 6k, k1 = 0,1,2,..., the three-phase synthetic MMF only contains forward
componenta. If and only if 4 +v = 6k, k; = 1,2, ..., the three-phase synthetic MMF only contains
reversed componenta. The MMF generated by a Type-B generator stator branch current is as shown in
Table 4.

Table 4. MMF Generated by Type-B Generator Stator Branch Current.

Number of Spatial Rotation MMF v

Number of Stator Branch Harmonics u

Rotate Clockwise Rotate Anticlockwise
1 1 -
2 2 4
4 4 2

The analysis process is not described in detail due to limited paper length. It is indicated that
the post-fault Type-B generator rotor is mainly affected by 1/3-th electromagnetic force wave in axis x
after analysis.

3.4. Fault Simulation of Type A and B Generators

Figures 14-17 show the simulation results of rotor UMP of post-fault Type A and B generators,
and the FFT analysis results of its component along axis x.
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_1 20 1 1 1 1 1
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Figure 14. Simulation Results of Rotor UMP of a Type A Generator.
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Figure 15. FFT Analysis Results of Rotor UMP of a Type A Generator.
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Figure 17. FFT Analysis Results of Rotor UMP of a Type B Generator.

It can be found that a Type A generator rotor is mainly affected by 1/3-th, 8/3-th and 10/3-th
electromagnetic force waves in axis x and a Type B generator rotor is mainly affected by 1/3-th
electromagnetic force waves in axis x, which is fully consistent with the theoretical analysis results.

Through the above simulation, some conclusions can be obtained as follows:

(a) After the ISCFW occurs in a generator, the force waves in rotor UMP with the same mechanical
rotation frequency as the rotor are dominant (1/3-th force waves for experimental prototype
A1553), while other force waves are relatively less. The main causes are as follows: firstly, the
analysis in Section 2.3 indicates that interaction of any two harmonic MMF can generate a 1/3th
force wave but won't generate all higher-order force waves; secondly, the 1/3-th force wave is
mainly generated through interactions of the fundamental MMEF in the air gap and the 2/3-th
and 4/3-th MMF, and these three MMF are relatively bigger compared to other higher-order
harmonic MMFs. Therefore, the 1/3-th force wave of post-fault rotor is apparently bigger than
other force waves. In a later section, this paper mainly analyzed 1/3-th force waves for amplitude
characteristics, without considering the effect of other higher-order force waves.

(b) Under the premise that the number of pole pairs is not changed, the stator winding form has
an obvious influence on the frequency characteristics of rotor UMP. The main reason is that
the change of stator winding form can result in a corresponding change of stator fault current
frequency, which comes with the change of its generated harmonic MMF. Therefore, the rotor
UMP of generator with different winding forms after fault has different frequency characteristics.

4. Amplitude Characteristics Analysis of Rotor UMP

The amplitude of post-fault rotor UMP is closely associated with harmonic current of stator and
rotor, and the change of generator operation conditions can apparently affect rotor currents. Therefore,
studying the relationship of rotor UMP amplitude change characteristics and operating conditions
change is of great significance.

4.1. Effect of Active Power on Rotor UMP Amplitude

4.1.1. Simulation on Rotor UMP of Generator with Different Active Output Power

In order to study the effect of generator active power on rotor UMP amplitude, the experimental
prototype with three winding forms was simulated under different active output powers. In order to
exclude the effect of field current on rotor UMP amplitude, the active output power is changed only by
changing generator power factor angle during the simulation, while the field current remains constant.
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From Table 5 and Figure 18, it can be found that for a generator with three stator winding forms,
if the field current is not changed, when the generator active power increases, Fy amplitude will
increase, and its change rate will increase too. By comparing three curves of Figure 18, although the
generator stator winding form changes, but it only changes the amplitude of rotor UMP whereas it
can’t apparently affect the relationship between the rotor UMP amplitude and generator active power.

Table 5. Simulation Results of Rotor UMP of the A1553 Prototype under Different Active Power.

a3 Fundamental Current (A)  cos(2¢s,—1,1) I; (A) Active Power (kW) Fx (kN)
6.59 0.99 6.69 6.34 371.82
6.02 0.96 6.69 5.77 221.38
5.11 0.72 6.69 4.86 129.93
4.44 0.45 6.69 4.18 96.66
3.38 —0.09 6.69 3.07 66.22
2.75 —0.48 6.69 2.39 54.90
2.36 —0.73 6.69 1.94 49.17
1.88 —0.98 6.69 1.34 43.43
400 T T T T T T
—a— Prototype .
—e— Type-A /
—A "
300 - Type-B
%
~ 200
e
100
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

P/ kW

Figure 18. Relationship of Rotor UMP of the A1553 model machine with three types of stator winding
form and active power.

4.1.2. Analysis of Simulation Results

In order to study the reason why the rotor UMP amplitude varied along with the active power,
it is necessary to add all the items together in Section 2.3 that can produce electromagnetic force to
obtain an expression of the rotor UMP amplitude. However, the amplitudes and phases of these
items are not the same. If they are combined together, the expression of the UMP amplitude will be
quite complex, which greatly increases the difficulty of analysis. Therefore, in order to minimize the
difficulty, these items shall be properly simplified. In the change process of active power, the field
current is always constant. Therefore the harmonic MMF produced by the field current is also constant.
For this reason, the items with two kinds of space harmonic MMF for the rotor are not analyzed.
For the items with two kinds of space MMEF for the stator, although they also have change, the values
of them are significantly smaller than the items with space harmonic MMF for the stator and rotor.
In order to simplify the calculation, their impacts are also not considered. Hereby, impact of items only
with two kinds of space MMF for the stator and rotor on Fy are analyzed. Taking A1553 prototype
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as an example (The analysis methods of A-type and B-type motors are the same.), the formula of Fy
amplitude is as follows:

Kyst—1,1,2/3 T Kysr,—1,1,4/3
1 1 1 1
= 3F, 11 Fro/3cos(3wot — @s,11) + 3Fs, 11 - Fray3 cos(zwot + @s,-11)

=3F 11 \/[Fr,z/s Sin(gs,11) — Fra/a8in(gs,11)] + [Fr2/3€08(@s,-11) + Fraza cos(gs,11)]” sin(Jewot + 1)
=1F 11 \/Fr,2/32 + Fray3? + Fro/3Fra/3 cos (295 -1,1) sin(3wot + 1)

= Fsr,l sin(%wot + 4)1)

(13)
1
Fsep = 5F 11 \/ Fioy3? + Fray3® + FeoysFrazcos(29s-11) (14)
F _ F _
o1 = arctan 2/ cos(¢s,—1,1) + Fra/3 cos(¢s,-11) (15)

Fro/3sin(@s,—1,1) — Fra/3sin(@s,—1,1)

From the Equations (13)-(15), it can be seen that the amplitude Fs; of Fx depends on

F_11 \/Fr,2/32 + Fr 4732 + Fp/3Fr 473 c0s(2¢s,—11). As values of Fy_11 and cos(2¢s_11) (shown in
Table 6) increase along with increasing active power, while F,;,3 and F, 4,3 maintains constant.
Therefore the amplitude of F, increases with increasing active power.

Table 6. Simulation Results for Rotor UMP of the A1553 Prototype with Different Field Currents.

Field Current (A) Active Power (kW) UMP (kN)
7.05 4.24 106.45
6.46 4.24 89.78
6.09 424 82.12
5.73 4.24 75.83
5.43 4.24 69.73
5.14 4.24 65.48
4.77 4.24 60.65
4.44 4.24 57.93

In the process of active change, the internal power factor angle of the generator is always positive.
The generator works in the over-excitation state and the armature current produces a demagnetizing
armature reaction. With increasing active power, the demagnetizing armature reaction is stronger and
stronger, so the saturation level of the air gap magnetic field is weakened correspondingly. Finally,
it results in that the change rate of F, increases along with increasing active power.

By contrasting the three curves of Figure 19, it can also be found that the rotor UMP value of the
A1553 prototype is quite similar to that of an A-type motor with the same active power, but it is quite
different from that of a B-type motor. The reason is that the change in the stator winding forms of
an A-type motor is very small compared with that of the prototype and it only enables the original
asymmetric fractional harmonic MMF to become symmetrical. Each harmonic current of the stator has
a little change compared with that of the prototype, so the simulation results of an A-type generator
are quite similar to that of the prototype. In contrast, there is a great change in the stator winding
forms of a B-type generator. The number of branches per phase and the number of coils per branch
are not the same. In addition, as the sum of electromotive force induced by each of branch coil group
in the fractional harmonic magnetic field is 0, there is no fractional harmonic current in the stator
branch. Therefore a B-type generator stator current has a great gap of the harmonic frequency and
amplitude compared with the prototype so as to lead to the fact that there is a relatively large gap of
values between the simulation results of a B-type generator and that of the prototype. Although the
stator winding form can affect the amplitude characteristics of the stator current, the direction that the
stator current changes along with the active power cannot be affected under the premise of constant
field current. Therefore, the rotor UMP of generators with three kinds of stator winding forms have
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different values under the same working conditions, but the directions that their amplitudes change
along with the active power are the same.

125 T
—a— Prototype
—o— Type-A n
—4— Type-B .
100 - —
Z,
-
o

5+ / ]

\

50

4 5 6
1,/ A

Y
=]

Figure 19. Relationship of Rotor UMP of the A1553 model machine with three types of stator winding
form and field current.

4.2. Effect of Field Current on the Rotor UMP Amplitude

4.2.1. Simulation of the Generator Rotor UMP with Different Field Current

With the same research ideas as Section 4.1, constant active power is maintained by changing the
power factor angle of the generator in order to remove the impact of active power on the rotor UMP
amplitude. Simulated results of the experimental prototype with different field current are shown in
Table 6 and Figure 19.

From Table 5 and Figure 19, it can be found that under the premise of constant active power,
F, amplitude increases along with increasing field current of the generator, and the change rate also
increases with it. By contrasting the three curves of Figure 19, it can be found that although the stator
winding form changes, it only changes the amplitude of rotor UMP. It has not obvious impact on the
relationship between the rotor UMP amplitude and field current of the generator.

4.2.2. Analysis of Simulation Results

In all the harmonic MMF in the air gap for a generator, the fundamental MMF produced by the
field current DC component is larger than any other harmonic MMF and its impact on the rotor UMP
amplitude is also the most significant. In order to simplify the analysis process, hereby, only the item
with fundamental wave field motive force is analyzed. The expression of Fy amplitude is as follows
still on the basis of the A1553 prototype:

Frsr—2/32/31 T frsr—a7347310 t frr12/3 + frri,4/3
=3F 27323 Fr1 COS(%wot + 9s,2/32/3) + 3Fs 473473 - Fea COS(%wof — Ps,—4/34/3)
+3F1 - Froyzcos(§wot) + 3F - Frags cos(3wot)

=1F, { [Fs—2/32/3€08(ps —2/32/3) + Fs 473,473 08(@s —a/34/3) + Frp/3 + Fray3) cos(3wot)

. . . 16
+[=Fs—2/32/38I0(Ps —2/3,2/3) + Fs—1/3,2/3SIn(ps —4/3,4/3)] sin(Fwot) (16)

2
1p $ (Fs,~2/3,2/3€08(9s,2/32/3) + Fs,—4/3,4/3€08(9s,a/3.4/3) + Fr2/3 + Fra/3]
55,1

~1 sin(Ywot + ¢2)

. . 2
+ [Fs,—z/s,z/s Sln(@s,—2/3,2/3) — L5 _4/34/3 51n(q’s,—4/3,4/3)]

= Fyp sin(%a)ot + ¢2)
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2
lp [Fs,—2/3,2/3¢08(®s,—2/32/3) + Fs,—4/34/3€08(®s, —4/34/3) + Fr2/3 + Fray3]
T

1 , , ) (17)
2 + [Fs,72/3,2/3 SIn(¢s,72/3,2/3) —Fs_4/34/3 Sln(¢s,f4/3,4/3)]

F sr,2 —

’

Fs, 2/32/308(9s,2/32/3) + Fs,—4/34/308(®s —4/34/3) + Frp/3 + Frass (18)

¢ = arctan ; ;
—F, 2/32/38I0(@s,2/32/3) + Fs,—4/3,4/38I0(Ps,—4/34/3)

Although the stator current of the generator changes, such changes are only limited to amplitudes
of each harmonic current (fundamental current is an exception) and the phase has not any obvious
change. Therefore, @3 _5/32/3 and @5 _4/3 4,3 in Equation (16) are always constants in the field current
change process. As the 2/3-th and 4/3-th harmonic current in the stator branch are produced by the
2/3-th and 4/3-th MMF generated by the DC component of the rotor field current, both of F; _5,3,/3
and F _4/34/3 are proportional to F.5/3 and F4/3. Then, Fs_2/32/3, Fs—4/34/3, Fr2/3, Fra73 and Frq
in the above equation are proportional to the DC component of the field current after failure, so the
value of Fy;» should be proportional to the square of the field current DC component, namely Fy; 5 o I2.
However, only four items which have a great impact on UMP amplitude are analyzed in Equation
(16). Other items with relatively less impact cannot influence the relationship between the rotor UMP
and field current, but not all the amplitudes of the items are proportional to the square of field current
DC component. For example, the item in Equation (16) with fundamental wave MMF and 2/3-th
MMEF produced by the rotor, is not analyzed for its small value, and its amplitude is proportional
to the product of the rotor fundamental wave current and field current component. Such items will
influence the change rate of rotor UMP amplitude along with changing field current. Therefore, under
the premise of constant active power, the rotor UMP amplitude increases along with increasing field
current of the generator, but strictly it is not proportional to the square of field current DC component.

From the simulation results of Sections 4.1 and 4.2, the amplitude of the generator rotor UMP
increases along with increasing active power and field current after failure and the increasing speed
is faster and faster, which are the variation characteristics of a rotor UMP in fault. In industry
application, if the amplitude variation of the generator rotor is consistent with the change of
active power and excitation current, it is considered that the generator may have a ISCFW fault.
However, this still requires a further study on the vibration response of the rotor after failure.
Based on this study, the electromechanically fused online fault monitoring can be achieved. First,
the vibration characteristics of the rotor are used as an auxiliary criterion, and by combination with the
developed method based on the electrical quantities, the fault monitoring is more accurate. Second,
the relationship between UMP amplitude and working conditions after a fault is obtained and based on
that, we can further study the vibration response characteristics with different electrical quantities and
find the relationship between the vibration response and electrical quantities. From this level, the fusion
of mechanical and electrical features of the fault can be achieved. This paper lays a foundation for the
calculation of the rotor vibration responses caused by faults and the study of online fault monitoring
schemes based on the fusion of electrical and mechanical features.

5. Conclusions

In this paper, the influence mechanism of several factors on UMP is revealed through in-depth
and detailed analysis of the fault magnetic fields. Taking the A1553 experimental prototype with
three different stator winding forms as an example, theoretical analysis and simulative calculation on
amplitude and frequency characteristics of the generator rotor UMP with ISCFW are made and the
following conclusions are obtained:

(1) After ISCFW, the force wave in the generator rotor UMP which has the same frequency as that of
the rotor mechanical rotation, is the main component, and other harmonic waves are relatively
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small. The change of stator winding form will cause the variation of air gap harmonic MMF so as
to have a significant effect on frequency characteristics of the rotor UMP.

(2) Under the premise of constant field current, the amplitude and change rate of the generator
rotor UMP increases along with increasing active power; on the basis of constant active power,
the amplitude and change rate of the generator rotor UMP also increase along with increasing
field current. The stator winding form only affects the amplitudes of the rotor UMP after a fault,
but has no obvious effect on the relationship between amplitudes and working conditions of
the generator.

This paper studies the amplitude and frequency characteristics of rotor UMP of a multi-pole
synchronous generator with ISCFW, obtains the relationship between UMP amplitude and working
conditions after failure, and lays a solid foundation for fault monitoring based on the integration of
mechanical and electronic information so as to improve the detection sensitivity further. The next step
is to analyze the characteristics of vibration responses and to develop a method to detect the ISCFW
using vibration and electronic characteristics.
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