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A Novel Universal Model Considering SAGE for
MFD-Based Faulty Property Analysis Under
RISC in Synchronous Generators

Yu-Ling He
David Gerada

Abstraci—This article proposes a new rotor interturn
short circuit (RISC) fault analysis model for the electrome-
chanical property study in synchronous generators. The
specific novelty of this model lies in two aspects: First, It
considers that most generators exist static air-gap eccen-
tricity (SAGE), so it analyzes the RISC fault under normal
and SAGE, making the model more versatile, and second,
it takes into account not only the short circuit degree, but
also the short circuit position, consequently it is more uni-
versal. By feeding the number of short circuit turns (de-
notes the short circuit degree), the angle between the two
slots, where the short circuit takes place (denotes the short
circuit position) and the detailed parameters of the gen-
erator into the model, the developing tendency of the key
magnetic flux density (MFD)-based parameters can be con-
veniently predicted. The advantages of the proposed model
primarily lie in the universality and the calculation speed.
It can quickly evaluate the generator operating conditions.
The phase current and the electromagnetic torque are se-
lected in this article as the representatives of the electri-
cal parameter and the mechanical parameter, respectively.
Two-dimensional finite element analysis and experimental
studies validate the proposed model.
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[. INTRODUCTION

OTOR interturn short circuit (RISC) is a common elec-
Rtrical fault for both motors and generators. It can be
caused by many factors such as the mutual extrusion, insulation
shift/distortion due to centrifugal forces, thermal deformation,
and local overheating of field windings, etc. [1], [2]. This fault
produces a large short-circuit current, and will increase the
vibration of the generating units, excitation current, reactive
power limited, serious when the cause of ground fault occurs,
even cause large axial magnetization, burned with ring, rotor
and other malignant accidents [3], [4].

Currently, diagnosis methods for this fault are generally based
on electrical and/or mechanical parameters, such as the stator
voltage [5], [6], stator current [7]-[14], rotor current [15], cir-
culating current inside the parallel branch loop [9], [16], unbal-
anced magnetic pull [17], [18], electromagnetic power [19], me-
chanical vibrations [20], electromagnetic torques (EMT) [16],
etc.

Among the electrical characteristic oriented methods, the
current-based method is most widely employed, since it does
not require extra equipment and can make full use of the sta-
tor windings as search coils for further processing. Jun Hang
et al. [7] proposed an online fault detection method, which
employs the frequency-tracking algorithm to calculate the first
harmonic amplitude of the stator current. Park ez al. [8] used the
multiloop theory to analyze the steady-state characteristics of
both the stator current and the rotor current, and found that the
root mean square (RMS) value of rotor currents is effective to
detect this fault. In the meantime, scholars also found that the
occurrence of RISC will produce negative-sequence currents,
and the ratio of the negative to the positive current will be
increased with the fault level [9]. Mazzoletti et al. [10] used the
residual current vector, which was generated by the difference
between the measured and the estimated stator currents via a
state observer, for the fault detection, while Moon et al. [11]
used both the magnitude and the angle changes of the currents
to diagnose the fault.
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For the mechanical characteristic based methods, the EMT
technique is simpler than the rotor vibration means, since EMT
can be calculated via stator voltages, currents (power of the
machine), and rotor speeds [21], [22]. Although there is a
value difference between the calculated EMT by this method
and the real one due to the loss, such calculated result can
still proximately reflect the variation of real EMT, since the
loss is relatively small. It is found that the EMT harmonic
characteristics are mainly determined by the relation between
the stator current and the armature—reaction magnetic field [10].

The aforementioned studies have established a good basis
for the detection and monitoring on RISC. However, rare of
them has taken into account either the rotor eccentricity, which
exists in almost every electric machine [23], or the impact of
the RISC position. Currently, most of the scholars focus on the
consequences due to the increased short circuit degrees, while
actually the short circuit positions will also significantly affect
the parameters [24]. The authors have carried out a preresearch
about how the short circuit degree and the short circuit position
act on magnetic flux density (MFD) by finite element simulation,
more details can be found in [24]. However, the work has neither
considered static air-gap eccentricity (SAGE) nor presented the
experiment validation. Given that SAGE acts an important role
during RISC, it is significant to improve the property study,
especially the analysis model, by taking into account the SAGE
factor as well as RISC degrees and positions at the meantime,
so that the analysis can be more reasonable and closer to reality.

As an improvement, this article proposes a novel hybrid
model, which takes into account the ubiquitous SAGE, and can
manage not only the impact of the short circuit degrees, but
also the influence of the short circuit positions. For clarity, the
phase current is employed as a representative of the electrical
parameters, while the EMT is adopted as a reflection of the me-
chanical parameters. The remainder of this article is constructed
as follows. Section II describes the proposed model in detail,
while Section III analyzes the electromagnetic properties based
on the proposed model. To validate the model, 2-D finite element
calculation and experimental study are carried out on a CS-5
prototype generator in Section I'V. Finally, Section V concludes
this article.

[I. UNIVERSAL MODEL OF RISC CONSIDERING SAGE

Given that the MFD is a most fundamental parameter for the
faulty properties, the proposed hybrid model is established by
taking the MFD as the output, while taking RISC and SAGE
as the inputs. Briefly, MFD can be obtained by multiplying the
magneto-motive force (MMF) by the permeance per unit area
(PPUA) [22], as

B(am,t) = f(tm, t)A(am,t) (1

where B is MFD, fis MMF, and A is PPUA.

The detailed model setup is based on the impact study of
RISC/SAGE on MMF/PPUA, respectively. Generally, RISC
mainly impacts on MMF, while SAGE primarily affects PPUA
[25]. In this article, both the short circuit degrees and positions
are considered to make the model more universal.

A. Impact of RISC on MFF

As RISC takes place, the effective ampere-turns will be de-
creased. The exciting current will no longer pass the original
route but concentrate in the new short circuit path, as indicated
in Fig. 1(a). In this case, there are actually two possible paths for
the currents. One is the original path, and the other is the short
circuit path (the new path). Since the reactance of the short circuit
path is much smaller than that of the original one, most of the
current (Id) will pass through the short circuit path, while only
very little current (Ir) will remain passing through the original
path. Approximately, /4 ~ If.

For the sake of better comprehension, the effect of RISC on
reducing the current in the original path can be treated as equal
to adding an inversed current to the original exciting current in
the shorted turns. This inversed current will produce an extra
MMEF, namely the reversed MMEF, as Fig. 1(c). Consequently,
the rotor MMF will change from Fig. 1(b) (d) [24].

According to the Gauss flux theorem, in Fig. 1(c), the positive
MMF should form the same area as the negative MMF, then

"ﬁ, <0, Sﬂ/+(17'
.................. Other Conditions

2

where F; is the reversed MME, n,,, is the number of the short
circuit turns, [ is the beginning angle of the slot, where the
interturn short circuit takes place, ., is the angle between the
two slots, where the short circuit turns are in.

For the sake of clarity, we use the CS-5 nonsalient prototype
generator as an example to present the schematic diagram of
the rotor slot distribution and the MMF vectors, as illustrated
in Fig. 2. In Fig. 2(b), only the first harmonics of stator MMF
and rotor MMF are presented. And, the dashed vectors denote
the normal MMFs, while the solid ones stand for the MMFs in
RISC case. The reversed MMF F; can be expanded by Fourier
series, as

Fy(0,) =Ap+ Z [A,, cos (nb,.) + B, sin (nd,)]
1
=L f »)df, =0
An = %fo ) cos (nb,.) db, 3)
— _Lm m[Sm(n(arJrﬁ)) sin(ng")]
B, = %f ) sin (n#,.) d6,
I [cos(n(ozr—&-ﬁ ))+cos(np’)]

nm

As aresult, Fy(60,) is transferred to

Fy(0,) = Z Fyy, cos (nb,. — ¢) = Z Fyy, cos (nwt — ¢y,)
Ey, = A% + B2 = flf"m /1 — cos (na,.)
— 2L gy g

— Bn _ cos[n(a,+pB)]—cos(nf3)
¢n = arctan A, — sin(npB)-sin[n(a.+5)]

“

Since there are lots of time harmonics and space harmonics,
which will both affect the final MMF/MFD, for the sake of
clarification, we ignore the higher order harmonics and taking
n =1 (representative of odd harmonics) and n = 2 (representative
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Fig. 1.

F. F,
r rl (b)
Fig. 2. Schematic diagram of (a) rotor slot distribution, and (b) first
MMF vectors.

of even harmonics) as an example to show how RISC acts its
role. The other higher order harmonics should have the similar
changing tendency. The MMFs based on Fig. 2(b) can be written
as

F, cos (wt - am—@b—g) + F). cos (wt — ayy,)
= F, cos (wt — ap — 71)

f(am,t)=4q Fs1cos (wt —Qy — Y — g) +(F. — Fn)
cos (Wt — ) — Fao cos 2 (wt — ayy, — ¢2)
= F,1 cos (wt — a — 72)

—Fyoc082 (wt — Qpy — o) -+ - RISC

(© (d)

MMF model: (a) loops of field windings, (b) normal rotor MMF, (c) reversed MMF by RISC, (d) rotor MMF in RISC case.

where
2 2 .
Py = Y2l \/1fcosa7,:f+"\@sm%
AU rmn
= Z40m gip Qe
\/§TI 2 V2Isn
Tom, m :
Fyp = =5 1 —cos (2a,) = #\/ﬁsm .
I, (6)

sin o,

F. = \/(Fr — Fysint)? 4 (F, cos)?
Fo = \/(Fr — Fy1 — Fyysint)? 4 (Fyy cos)?

Given that the contact area of the shorted region is relatively
small, to be closer to the reality, we set a resistance R in the
model, please see Fig. 1(a). To evaluate the effect of Rd value
on the short circuit degree, we employ the following model:

1 dr

84 = StE @)

where s is the short circuit degree considering the influence of
R, st is the fully shorted degree, 14, is the shorted part current
with R4, and 1dO is the fully shorted part current.

According to Fig. 2(b) and (6), Fs1 < Fs, Frq1 < Fr,and Foq <
F .. In conclusion, the general MMF will be decreased by RISC.
Normally, since the exciting current is dc, MMF has only odd
harmonics. However, the occurrence of RISC will bring in extra
even harmonics, see (3) and (4). Consequently, as RISC turns
to a severer degree, the odd MMF harmonics will be decreased,
while the even harmonics will be increased.

In addition, it is suggested from (6) that the amplitudes of
F.1, Fq1, and F 45 depend on not only the number of the short
circuit degree (n,,), but also the short circuit position [, see
Fig. 2(a)].

B. Impact of SAGE on PPUA
Besides MMF, PPUA also affects MFD, which is

Ho
go (a'rn)

where 10 is the permeability of air, g is the radial air-gap length.

Since most generators have a SAGE with different extents,
it is necessary to take into account how SAGE acts the role.
Normally, the magnetic field in the air-gap is symmetrically
distributed, as indicated in Fig. 3(a). However, in practical condi-
tions, it is pretty hard to keep the rotor center strictly concentric
with respect to the stator center, as illustrated in Fig. 3(b).

Afom) = ®)
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Fig. 3. Air-gap and magnetic field (a) normal, (b) and (c) static
eccentricity.

More frequently, the air-gap is in an eccentricity condition, as
illustrated in Fig. 3(c). In Fig. 3, go is the average value of
the radial air-gap length, ¢ is the relative SAGE, a,, is the
mechanical angle used to indicate the circumferential position
of the air-gap.

The air-gap length AB in Fig. 3(b) can be calculated via

g(am) = ‘073| - ‘m’ = Ry — |m’ 9)

where R, is the inner radius of stator core. Based on the Cosine

Law it has [26]
R? = |OA[” + (go0,)? — 2 |OA| gobs cosay, (10)

where R, is the outer radius of rotor. Then, (10) modifies to

29005 COS At % 1/ (29005 COS ap )? — 4 9302 — R?
‘OA| _ 0 \/( 0 ) ( 0 )

2

= go0s COS apy, £ \/(9055 cos )’ — g262 + R2.
(11

Based on (9) and (11), the air-gap length can be obtained as
g(am) = |[AB| = Ry — gods cos au,

+ /(900 cos am)? — 9302 + R2.

Since R,>>gd, and the air-gap length is smaller than Ry,
(12) can be further simplified as

12)

g(am) = Ry — gods €OS aty — Ry = go — gods COS uy

= go(1 — d5cos ). (13)
Feed (13) into (8) there is
o gO ................... normal
glom) = {go(l + 05 cosayy,) - - - SAGE (14)
Then based on (7) and (13), PPUA can be obtained as
Ho
Alay,)=——
(am) 9o (am)
&:AO ................................... ’,’Lormal

m ~ Ao (1 + 65 cos a, + §2cos?a,y,)

= Ao (1 + 65 cos Ay, + 0.562 + 0.562 cos 2ar,,, ) - ‘SAGE
(15)

In (15), the second equation is expanded by power series, with

the higher order harmonics ignored. As indicated in (15), the dc
component in SAGE case will be increased, since there is an

snnns SAGE

m— Normal

P

3

Fig. 4. Schematic diagram of MFD before and after SAGE.

extra positive factor 0.55,2. The schematic diagram about how
the MFD varies due to SAGE is illustrated as Fig. 4 [27].

C. Impact of RISC Plus SAGE on MFD
MFD can be obtained by feeding (6) and (15) into (1), as

B (O‘m7t)

F, cos (wt — o, — 71) Ao
................................................ normal
F.cos (wt — am —71) Ao

(1 + 8, cos ayy, + 0.582 + 0.562 cos 2am) ---SAGE

= q [Fecos (wt — = 72) — Fap cos 2 (wt — am — ¢2)]

[Fe1 cos (wt — apy — 72) — Faa €082 (Wt — atmy — )] Ag.
(1 + 65 cos ay, + 0.562 + 0.562 cos 2a,,,)
--------------------- SACE + RISC

16)

Comparing the first formula with the third one in (16), it is
shown that in RISC case the first harmonic decreases (F o1 <F ¢,
see Fig. 2b). On the contrary, the second harmonic will be
increased [see (6)]. Actually, Fig. 2(b) and Equation (15) both
ignore the higher order MMF harmonics. Considering the higher
order MMF harmonics, each odd MFD harmonic will be de-
creased, while all the even harmonics will be increased.

However, in the SAGE cases [see the second formula in
(16)], the first harmonic of MFD will be increased, since there
is an extra positive factor 0.56,2. If taking the higher order
MMF harmonics into account, then each odd harmonic will be
increased (there is no even harmonic since the dc exciting current
generates only odd harmonics).

In the case of the combined fault, the MFD variation depends
on both RISC and SAGE. Comparatively, SAGE primarily
enlarges MFD while RISC plays the opposite role. For most
generators, the SAGE degree should be stable, or proximately
a stable value since such SAGE usually will not change greatly
unless it suddenly changes to a serious failure. In this sense,
MFD mostly depends on RISC.

As aforementioned, both the short circuit degree and the short
circuit position will impact on MFD. To investigate how these
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Fig. 5. Developing tendencies of: (a) and (b) inversed MMF F;; and

F42 due to varied short circuit degrees and positions, respectively, (c)
and (d) MFD due to varied RISC degrees and positions, respectively,
and (e) and (f) MFD due to different SAGE conditions at slot 2 and slot
5, respectively.

two factors act their roles, we further modify (6) as

21 . 205N
Fg1 = =Ln, sin § = =L= % sin G = 0.637F, P, sin 5=

Ifzx? 2

I .
Fypo = ?fnm sin oy, = "m sin o, = 0.3185F, P, sin ;.

Py ="
(17)

where P is the short circuit percentage (ratio of shorted turns n,,
to total turns V). Based on (17), the developing tendencies of F 41
and F 45 with 10% RISC due to varied short circuit positions are
shown in Fig. 5(a) and (b), where the normal rotor MMF is set as
the reference. It is shown that F';; and F 45 will be both increased
as RISC increases. In addition, as the short circuit position shifts
away from the big tooth (- 1), F 41 will be increased, while F ;o
will be first increased and then decreased.

Further, based on (6) and (17), the proposed universal MFD
model considering both RISC and SAGE can be written as

B (am,t) = [Fs1 cos(wt — apy, (F, — Fa1)

$2)]
Ao(1 + 85 cos o, + 0.502 4 0.562 cos 2a,,)

*1/)*5)

i
—¢—§)+

cos(wt — ) — Fyo cos 2(wt — vy —

= [(1 — Ps)Fs cos(wt — ayy,
+ F.(1 — 0.637P; sin %) cos(wt — )

$2)]
Ao(1 + 8508y +0.502 + 0.562 cos 2a,,) (18)

— 0.3185F,. Ps sin ;- cos 2(wt — vy, —

Mfe AB
B i o

— Hee
—Linear B-H
~—Nonlinear B-H

e

0 H,

Fig. 6. Magnetization curve and permeability of rotor core.

According to (18), the MFD variations due to different short
circuit degrees and positions are illustrated in Fig. 5(c) and
(d), while the impact of SAGE on MFD is shown in Fig. 5(f).
In Fig. 5(c)=(f), the reference is the normal rotor MFD. It
is suggested from Fig. 5(c) that the increment of RISC will
decrease MFD, while suggested from Fig. 5(d) that the RISC
position away from the big tooth, i.e., v, goes bigger, has the
similar effect as the severer RISC degree. In another word, the
larger «v,. is, the smaller MFD will be. In addition, Fig. 5(e) and
(f) indicates that SAGE will shift the MFD curves upward due
to the extra factor of 0.55 ;> [see (18)] in PPUA.

D. Impact of Saturation on MFD

When RISC [28] and SAGE [30] happens, the rotor core will
be influenced by local saturation. What’s more, in order to make
full use of ferromagnetic materials, the electrical machine design
is based on the knee point (point b) of the magnetization curve,
as indicated in Fig. 18. Therefore, the nonlinear characteristics
of MFD should be considered [28]. In this article, we use (19)
to model the saturation phenomenon [29]

{upe(B) — LABUH) _ poa?

TEr ( 1 9)
H(B) = Y 0y
where B is MFD of core, H is external magnetic field, @ and b
are two constants, which are chosen for the fitting of B—H curve,
fto 1s a constant permeability, £, is the error function defined by
Gautschi (1964) [31]. The linear core can be set by considering
a = 0. However, considering both a and b parameters defined
in (19) [29], the nonlinear core can be modeled, as illustrated in
Fig. 6.

[ll. ELECTROMAGNETIC PROPERTY ANALYSIS

A. Phase Current Analysis

According to Faraday’s law of electromagnetic induction, the
expression formula of the transient phase current is

i (1) = B(Oéng7 t)lv _B (am,t)l[Q;rRs(nr/ﬁo)]
— B (O‘m7 t) lTrRsTLT-
; 30Z (20)

where [ is the effective length of the stator winding (sim-
ilarly equals to the axial length of the stator core and can
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be treated as constant), R, is the inner radius of stator core,
n, is the rotating speed of rotor, Z is the reactance of stator
winding.

According to (20), the phase current mostly depends on MFD.
Therefore, the phase current should generally have the similar
variation tendency as MFD, as illustrated in Fig. 5. It means:
1) the occurrence of RISC will decreased the phase current,
the severer RISC is, the smaller the phase current will be.
2) The short circuit position will also affect the phase current,
and the larger «,. is (the farther RISC takes place away from
the big tooth), the smaller the phase current will be. 3) The
existence of SAGE will shift the phase current upward, i.e.,
SAGE will increase the absolute amplitude of the phase current
[see Fig. 4 and Fig. 5(e) and (f)], and the larger SAGE is, the
larger the absolute amplitude of the phase current will be 4) As
RISC takes place, the odd harmonics of the phase current will be
decreased, while the even harmonics will be increased (normally
there should be only odd harmonics while in RISC case extra
even harmonics will be brought in, [see (15)]. On the contrary,
the existence of SAGE will increase each harmonic of the phase
current.

B. EMT Analysis

Based on the principle of virtual displacement, the EMT can
be obtained by [27]

T — pOW
{ v Q21

B(otm,t)]?
W:fv[ ((;Mo 1™ dw

where W is the magnetic energy that the air-gap contains during
the running of generator, v is the internal power angle of gen-
erator [see Fig. 2(b)], which depends on both the power-factor
angle and the generator’s power angle, v is the volume of the
air-gap which is a constant.

According to (21) the EMT depends on the square of MFD.
Qualitatively, the variation tendency should be also similar as
MEFED but with a more sensitive effect due to the square operation.
Therefore: 1) the occurrence of RISC will reduce the EMT, and
the severer RISC is, the smaller the EMT will be; 2) RISC
position also impacts on the EMT, and the larger «, is (the
farther RISC takes place away from the big tooth), the smaller
the EMT will be; 3) the existence of SAGE will increase the
EMT, and the larger SAGE is, the larger the EMT will be; 4)
the occurrence of RISC will bring in extra odd harmonics in the
EMT due to the newly produced even harmonics in MFD, while
normally there should be only even harmonics (normally there
is only odd harmonics in MFD, since the dc exciting current can
only generate odd harmonics, and the square of MFD con-
tains only even harmonics). The dc component and the
even harmonics will be decreased, while the odd harmon-
ics will be increased; 5) the existence of SAGE will in-
crease the amplitudes of both the pass-band EMT and each
harmonic.

TABLE |
PARAMETERS OF CS-5 PROTOTYPE GENERATOR

Parameters Values parameters Values
rated power SkVA stator core length 130mm
pole-pairs 1 stator coil turns per slot 22
rated power factor(cosg) 0.8 rotor slots 16
radial air-gap length 1.2mm rotor core outer diameter ~ 142.6mm
stator slots 36 rotor core inner diameter 40mm
stator core outer diameter  250.5mm rotor coil turns per slot 60
stator core inner diameter  145mm internal power factor (cosy) 0.62
TABLE Il

ABBREVIATION OF DIFFERENT CASES

Full name Abbreviation Full name Abbreviation
normal N SAGE 0.2mm S
RISC 5% R5 SAGE 0.2mm+RISC 5% SR5
RISC 10% R SAGE 0.2mm+RISC 10% SR
RISC 10-2% R2 SAGE 0.2mm+RISC 10-2% SR2
RISC 10-3% R3 SAGE 0.2mm+RISC 10-3% SR3

IV. FEA AND EXPERIMENTAL VALIDATION
A. FEA and Experiment Setup

FEA and experiment work are taken on a CS-5 nonsalient
prototype generator, as indicated in Fig. 7(a). The primary
parameters are listed in Table I.

On the generator there is a plate with different short circuit
taps. By connecting different taps, varied short circuit degrees
and positions can be simulated, respectively. The tap settings
are indicated in Fig. 7(b). During experiment, four-group tests
are taken: 1) common condition without RISC, 2) 5% RISC in
slot 1(L1-L2), 3) 10% RISC in slot 1(L1-L3), and 4) 10% RISC
in slot 2(L2-L4). 1)-3) form a comparison for different short
circuit degrees, while 3) and 4) are employed for varied short
circuit positions.

During experiment, SAGE is set to 0.2 mm, see Fig. 7(b) and
(c). Three-phase currents and voltages are sampled by three Hall
current transformers (CT, sensitivity: 0.25V/A) and three Hall
voltage transformers (VT, 1V/80V), respectively, [see Fig. 7(a)].

FE models are established with the same settings as experi-
ment, see Fig. 7(d) and (e). SAGE is simulated via shifting the
rotor and the field windings by 0.2 mm along the actual minimum
air-gap direction.

To vividly simulate the short circuit behavior, the section of
the short circuit winding bar is divided into two components. One
is to simulate the short circuit part and the other is to simulate
the healthy part, see Fig. 7(e). The short circuit degree is set by
changing the short circuit turn-numbers of slot 1 as well as the
values of R2 and R3, see Fig. 7(f). During simulation, the band
rotation is 3000 r/min. The starting time is O s. The termination
time is 0.04 s, and the step size is 0.0002 s.

B. Results and Discussion

To be more clarified, the fault types will be expressed in
abbreviations, and the corresponding relationships are shown
in Table II. All harmonic increment proportions figure use the
amplitude in RISC10% cases as the references for the proportion
calculation.
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Fig. 7.

CS-5 prototype generator: (a) general outlook, (b) method to set SAGE and RISC, (c) method to confirm SAGE setting, (d) section diagram

of the machine, (e) 2-D FEA physical mode, and (f) external coupling circuit model.

1) Effect of Short Circuit Degree: The MFD results due
to different RISC degrees by FEA are shown in Fig. 8. As
illustrated in Fig. 8(a), under normal and SAGE, the occurrence
of RISC will decrease the MFD amplitude, and the more se-
vere of RISC, the more the MFD amplitude will be reduced.
Moreover, the odd harmonics will be decreased while the even
harmonic will be increased with intensified RISC, see Fig. 8(b).
This result is consistent with the previously theoretical analysis,
[see (16)].

The phase currents obtained by the proposed model, as well
as FEA and experiment results, are shown in Fig. 9. As illus-
trated in Fig. 9(a)—(c), their general changing tendencies are the
same, RISC reduces the amplitude of the phase current, and the
more severe of RISC, the more the amplitude decreases. For a

more visualized comparison, the varied proportions of harmon-
ics due to different RISC degrees are indicated in Fig. 9(d)—(g),
the change trend of harmonics is the same as that of MFD, the
odd harmonics will be decreased while the even harmonic will be
increased with intensified RISC. Although the specific value the
varied proportions of harmonics shown by the model is different
from FEA and experiment, it has a similar trend, and follows the
previous theoretical result in Section ITI-A.

The EMT results by the proposed model, FEA, and exper-
iment are illustrated in Fig. 10. Comparing Fig. 10(a)—(c), it
shows that the EMT waveforms obtained from the proposed
model are more fluent than those from FEA and the experiment.
The reason is because the proposed model ignores the higher or-
der harmonics and does not consider many practical factors. But
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they have the same development trend, the total EMT amplitude
will decrease with the enlargement of the RISC degrees. The
increment proportions for each EMT harmonic are illustrated in
Fig. 10(d)—(h), it shows that odd harmonics will be produced
as RISC occurs. Moreover, the constant component amplitude
and the second harmonic component amplitude will decrease,
but the third harmonic will increase with the enlargement of
the RISC degrees. This is in good accordance with the previous
qualitative analysis conclusions.

2) Effect of Short Circuit Location: The MFD due to var-
ied RISC locations by FEA is shown in Fig. 8(c) and (d). The
results show that when RISC fault occurs, the even harmonics of
MEFED will be first increased and then decreased, while the total
amplitude and the odd harmonics will be always decreased. This
result is consistent with the previously theoretical analysis (see
Fig. 5).

The phase current obtained from the proposed model as well
FEA and experiment is indicated in Fig. 1 1. It can be seen that
keeping the short circuit degree as constant, with the increment
of short circuit positions (o, increases), the total of the phase
current will be decreased, see Fig. 11(a)—(c). The results of
each harmonic under the model, FEA and experiment are not
completely consistent from Fig. 1 1(d)—(g), but the overall trend
is consistent, the odd harmonics will be decreased, while the
even harmonics will be first increased and then decreased. This
result is consistent with the previously theoretical analysis.

The EMT obtained from the proposed model as well as FEA
and experiment is indicated in Fig. 12. The same as Fig. 11, the
EMT waveforms obtained from the proposed model are more
fluent than those from FEA and the experiment. But they have the
same development trend, it can be seen that the odd harmonics
component will occur when the RISC fault occurs. Moreover, the
total EMT amplitude, the constant component amplitude and the
second harmonic component amplitude will decrease with the
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Phase current in different RISC position cases: (a)—(c) waves by model, FEA and experiment, and (d)—(g) harmonic variations.

increment of short circuit positions. This is in good accordance
with the qualitative analysis conclusions obtained by (21).

Considering that the loading and the SAGE value will both
greatly affect the properties of the generator, we carry out an ex-
tra study on the impact of loading and SAGE on the characteristic
parameters. More details about the phase current comparison can
be found in Fig. 13.

V. CONCLUSION

This article proposed a new model for electromechanical char-
acteristic analysis under RISC faults in synchronous generators.
Taking the CS-5 fault simulation generator as an example, the
FEA calculation as well as the experiment test confirmed the
effectiveness and qualification of the proposed model. It is shown
as follows:

1) When the faulty position was stable, the development of
the short circuit will decrease the total pass-band and the
first harmonic amplitude of MFD but meanwhile increase
the second harmonic.

2) When the faulty degree was stable, the increment of the
angle «,, will generally decrease the total pass-band and
the first harmonic amplitude of MFD. However, for the
second harmonic, the amplitude will be first increased and
then decreased, and the critical point is a,,- = 90°.

3) The stator phase current follows the variation of MFD, so
the trend is the same.

4) The EMT has an odd harmonic component after the rotor
short circuit. And as the degree of short circuit increases or
the short-circuit position was deviated from the magnetic
pole, the total EMT, the constant component and the
second harmonic will decrease, but the fourth harmonic
will increase.
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The advantages of the proposed model primarily lied in the
universality and the calculation speed. It can manage not only
the impact of the short circuit degree, but also the influence of
the short circuit positions. By feeding the number of short circuit
turns nm (reflect the short circuit degree), the angle between the
two slots, where the short circuit takes place ar (reflect the short
circuit position) and the detailed parameters of the generator
into the model, the developing tendency of the MFD can be
conveniently predicted. Based on the relationship between the
MEFD and the electrical parameter, the developing tendency of

180

time/ms

Time[ms]

©

Current variations (a) varied loads, and (b) varied SAGE values, (c) shorted currents.

the key MFD-based electrical parameters can be conveniently
predicted.

In the actual operation of the power plant, most genera-
tors were installed monitoring instruments to obtain real-time
changes in some electromechanical parameters, so the model
can quickly evaluate the generator operating conditions.

APPENDIX

The original experimental waveforms are as Figs. 14 and 15:
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